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FOREWORD

This manual i• the re-'-lt - sustained I - '--erti -r;,ran, of engineering analysis
which was confirmed by an independent tries o, destru.'tive proof tests.
The testing upon which this material is based involved both full-scale and model
structures and component structural elements. Full-scale tests employed explosive
charge weights as large a 7,500 pounds while model tests utilized various charge
sizes representing up to 10,000 pounds at full scale.
The engineering effort presented herein represents the coordinated activity of
many governmental agencies and private industrial and engineering organizations.
Many individuals contributed extensively to the development of the manual and
their efforts are appreciated.
The material in this manual is intended for the advice of individuals and organi-
zations concerned with the design of protective construction to limit the effects of
accidental explosions. It represents a significant advance in this design and provides
a basis for greatly increased protection against propagation of explosions, damage
to facilities, and loss of life.
Nevertheless, in a work of this magnitude it is expected that there may be points
which require further verification or modification as a result of future tests and
experience. Recommendations for such changes or comments with regard to the
usefulness of the manual may be submitted through appropriate military channels
to:

Chairman

Armed Services Explosives Safety Board
Nassif Building
Washington, D.C. 20315

7

For sale by the Superintendent of Documents, U.S. Government Printing Office
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CHAPTER 1

INTRODUCTION

1-1. Purpose and Objective essential. This manual describes a rational design
method to provide the required structural protection.

a. This manual presents methods of design for pro- c. This design method accounts for the close-in effects
tective construction used in facilities for the manu- of a detonation, including associated high pressures
facture, maintenance, modification, inspection, and and nonuniformity of the blast loading on protective
storage of explosive materials, structures or barriers. The dynamic response of strue-

b. The primary objectives are to establish design tures can now be calculated, and details have been
procedures and construction techniques whereby propa- developed to provide the properties necessary to supply
gation of explosions (from one building or part of a the required strength and ductility specified by the
building to another) or mass detonations will be pre- design. Development of these procedures has been di-
vented and protection for personnel and valuable equip- rected primarily towards blast load analysis of pro-
ment will be provided. tective barriers for explosive systems contained within

c. The secondary objectives are: (1) Establish blast structures. However, this approach is general and is
load parameters required for design of protective strut- applicable to the design of other explosive environments
turns; (2) Provide methods for calculating the dynamic as well.
response of reinforced concrete and other materials; d. The design techniques set forth in this manual
ý3) Establish construction details necessary to afford are based upon the results of numerous full- and small-
the required strength to resist the applied blast loads; scale structural response and explosive effects tests
(4) Establish guide lines for siting explosive facilities conducted in conjunction with the Establishment of
to obtain maximum cost effectivw,,ss in both site Safety Design Criteria Program.
planning and structural arrangemn~i, providing clo-
sures, and preventing damage to interior portions of 1-3, Scope of Manual
structures, due to structural motion and shock. a. This manual is limited only by variety and range

of the assumed design situations. An effort has been
1-2. Background made to cover the more probable situations. However,

sufficient general information on protective design tech-
a. Over the last 60 years criteria and methods based niques has been included in order that applications of

upon results of catastrophic events have been used for the basic theory can be made to situations other than
the design of explosive facilities. The criteria and those which were fully considered.
methods did not include a detailed or reliable quanti- b. Although many of the charts included in the
tative basis for assessing the degree of protection af- explosive effects and structural response portions of
forded by the protective facility. Recently, extensive this manual are applicable to detonations of the order
research and development programs have been under- of hundreds of thousands of pounds of high explosives,taken to establish procedures which permit a more the usual design situation, where this manual will

sound and scientifically based approach to current and generally apply, is for explosive quantities less than
future design requirements. The results of this research 25,000 pounds.
to date are embodied in this manual. c. Because the tests conducted so far in connection

b. Modern methods for the manufacture and storage with the Safety Design Criteria Program have been
of explosive materials, which include many exo4 ic chem- directed primarily towards the response of reinforced
icals, fuels, and propellants, allow less space for a given concrete elements to blast overpressures, this manual
quantity of explosive material than previously per- concentrates on the procedures and techniques required
mitted. Such concentrations of explosives increase the for the design of reinforced concrete protective struc-L possibility of the propagation of accidental explosions tures. However, this does not imply that concrete is the
(one accidental explosion causing the detonation of only useful material for protective construction. Tests
other explosive materials). It is evident that a require- to establish the response of structural steel and other
ment for more accurate design techniques has become materials to the effects of explosions are either under-
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way or contemplated. The results of these tests will be been defined where it is first introduced, andt a list of
used to establish design methods for these materials the symbols, with their definitions and units, is con-
and, at a later date, will supplement this manual. tuatned in appendix A. The symbols along with their

d. Other manuals are available which enable one to units also have been indicated on all appropriate tables
design protective structures against the effects of nu- and charts.
clear detonations. These procedures are also applicable c. Appendixes A and B appear in the back of the
to the design of protective structures at considerable manual.
distance from very large quantities of explosives and,
therefore, have only been qualitatively discussed. The 1-5. Safety Factor and Accuracy
primary concern of this manual is the design of struc- a. Certain simplifications have been made in the
tural elements or structures located close to a potert-al development of the design precedures presented in this

ional design high-explosive hazard. manual. As a result, an analysis of a structure using
al protection. these procedures will generally result in a conservative
ilose-in effects 1-4. Format of Manual estimate of the structure's capacity and, consequently,
igh pressures a. Chapters of this manual are divided into three structures designed using these procedures will generally
at protective main categories, as follows: (1) chapters 1, 2, and 3 be adequate for the blast load exceeding the assumed
rose of struc- which contain a qualitative description of both the loading conditions.
s have beetn explosive effects and the structure's response, (2) chap- b. Certain unkuown factors can result in an over-
ary to supply ters 4 through 8 which present the quantitative pro- estimate of the protective structure's capability to
cified by the cedures for computing the blast output and structural resist the effects of an explosion. These factors, reflec-
has been di- behavior, and (3) chapters 9 and 10 which discuss tions of the shock waves, structural response, con-

dysis of pro- methods of detailing and construction and other fea- struction methods, quality of construction materials,
taiied within tures of protective construction such as site planning, workmanship, etc., vary for each facility design. To
nerai and is closure systems, cost effectiveness, and the effect of compensate for weaknesses resulting from these factors,

environments structural motioni. Appendixes pertinent to a par- it is recommended that the "effective charge weight"

ticular chapter and containing illustrative examples of or the actual charge weight, depending upon the method
this manual explosive effects and structural response problems, ap- used to determine the TNT equivalent, be increased

ill- and small- pear at the end of tL.e chapter to which they pertain, by 20 percent for design purposes. Modification of this
effects testti b. Commonly accepted symbols have been used as increased "effective charge weight" in a particular

ablishmnent of much as possible. However, protective design involves design situation may only be made for those cases

many different, scientific and engineering fields, and which are sufficiently simple and well tried to justify
therefore, no attempt has been made to standardize this action. Such modifications must be approved by
completely all of the symbols used. Each symbol has the cognizant military construction agency.

ety akid range
ort has been
"its, However,
e design tech-
pplications of
its other than

luded in the
o portions of

of the order
igh explosives,

manual will
ties less than

in connection
m have been
of reinforced
this manual

iques required
tective struc-

concrete is the
ruction. Tests
tee[ and other
either under-

1-.

,-,, , ,S



CHAPTER 2

EXPLOSION PROIECTIVE SYSTEM

2-1. System Components The mass-velocity characteristics of the primary frag-

Explosive storage and operating facilities which are to ments also depend upon the properties of the donor

be constructed so that they provide a predetermined explosive
Slevel of protection against the hazards of accidentnl c. The explosive properties, including the molecular

explosions can be thought of as a problem consisting of structure (monomolec•.lar, bimolecular, etc.) of the ex-
three broad components: (1) the donor system (amount, plosive, shape and dimensional characteristics, and

type, and Jocation of the potentially detonating explo- physical makeup (solid, liquid, gas) of the charge,
,sive) which produces the damaging output, (2) the determine the limitation of the detonation process and

receiver system (personnel, equipment, and "acceptor" thereby result in either high- or low-order detonation.

explosives) which requires a level of protection, and With high-order detonation, the process is generally

(3) the protective structure or structural elements (or complete and results in the maximum pressure output

distance) necessary to shield against or attenuate the for the given type and amount of material. On the

hazardous effects to levels which are tolerable to the re- other hand, if the detonation is incomplete with the
Sceiver system. The flow chart in figure 2-1 briefly initial reaction not proceeding throughout the material

summarizes the protective system and relates the indi- mass, then a large quantity of the explosive is consumed

vidual components to each other. by deflagration and the blast pressure is reduced.
d. Heavy, high-velocity, primary fragments may

2-2. Donor System penetrate a protective element depending upon its

a. The donor system includes the type and amount thickness and other characteristics, while lightweight

of the donor explosive as well as its location relative to fragments seldom achieve penetration. However, both

the components of the protective facility. The output light and heavy fragments may richochet into the pro-

of the donor explosive includes blust overpressures tected area and cause injury to personnel, damage to

(hereafter referred to as blast pressures or pressures) equipment, oe the detonation of acceptor explosives.

and, in the case of eased explosives, primary fragments. For protection against primae'y fragments, sufficient

Other effects from the donor include ground shock, fire, structural thickness must be provided to prevent full
heat, dust, etc. For the quantities of explosives con- penetration, and the configuration of the components

sidered in this manual (say up to 25,000 pounds) of the protective facility must be such as to prevent

blast pressures are normally the principal parameter fragments from richocheting in the direction of the

governing the design of protective structures. However, protected area.

in some situations, primary fragments from cased ex- 2-3. Reciver System
plosives may assume equal importance in the planning
of the protective system. The other effects enumerated The second component of the problem is the receiver, 2-4.
(except ground shock) are usually specific to certain which is the personnel, equipment, or explosives that
types of facilities, and their influence on the over- require protection. Acceptable injury to personnel or a. I
all design can usually be met with the use of stand- damage to equipment, and the sensitivity of the pro- and b
ard engineering design procedures. Except for very large tected explosive(s), establishes the degree of protection are us
quantities of explosives (far above the upper limit con- for which the protective structure is designed. For a age t(
sidered in this manual), ground shock effects will usu- given yield and location of the donor, the type and sensit
ally be small and, therefore, may generally be capacity of the protective structure are selected to betwe
disregarded. produce a balanced design wth respect to the degree b.

rb. The chemical and physical properties of the donor of protection required by the receiver, Full protection tranci
explosive determine the magnitude of the blast pressure is usually required for personnel and equipment, while upon
whereas the distribution of the pressure patterns is the degree of protection required for explosives ranges (two
primarily a function of the location of the donor explo- from full protection to allowable partial or total collapse openi
sive relative to the components of the protective facility. of the protective structure, latior
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Figure 2-1. .zplbaion protedive aSystem.

a. l'
and ba Ls the receiver, 2-4. Protecflve Strudures be soaled with blast valves or blast shields. Design
are use explosives that criteria for these protective closures are governed by
age to to personnel or a. Protective structures can be classified as shelters the magnitude of the blast pressures acting on them,
sensiti ity of the pro- and barriers. Shelters are fully enclosed structures and their iase and location, the magnitude and rate of
betwee ce of protection are used to protect personnel from injury, prevent dam- pressure buildup within the structure when partial

b. esigned. For a age to valuable equipment, and prevent detonation of openings are permitted, and the sensitivity of the occu-
trance , the type and sensitive explosives, while barriers are used as a shield pants and contents to the internal pressure buildup.
upon are selected to between two or more potentially detonating explosives. Special provisions may also be necessary to insure that

(two t to the degree b. Because shelters are fully enclosed structures, en- interior mechanical and electrical fixtures, piping, and
openhl Full protection trances muAt be sealed with blast doors and, depending conduits are not displaced as a result of movement of

lation uipment, while upon the traffic flow, may also require blast locks the structure.
plosives ranges (two blast doors, one of which is always closed). Other c. Barriers can be either barricades (revetted or un-
r total collapse openings required for facility operations, such as venti- revetted earth barricades, simple cantilever walls, etc.)

lation passages, equipment access openings, etc., may or cubicle-type structures where one or more sides

2-1A2.. _
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and/or the roof of the structure are of frangible con- usually used in the storage, manufacture, or processing

struction or open to the atmosphere. Igloos (earth of explosives or explosive materials, the explosives will

covered inagatzineo), below-ground silos, and other simi- be located close to the protective elementh of the struc-

lar structures with open or frangible surfaces -all also tures and, therefore, will be subjected to high-intensity

be classified as barriers. Because thes structures are blast loadings.

'2-
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CHAPTER 3

BASIS FOR STRUCTURAL DESIGN

Section I. STRUCTURAL RESPONSE

3-1. General d. Low-Pressure Design Range. Durations of blast
The selection of the dynamic response for use in the loads acting on protective structures designed using the

design of a protective structure and its elements to the low-pressure design range are extremely long in corn-

output of an erp'osion is governed by: (1) the proper- parison to those associated with the other two ranges.
ties (type, weight, shape, etc.) and location of the Here the structure responds primarily to the peak pres-

sure in a manner similar to those structures designed to
donor explosive, (2) the sensitivity of the receiver sys-

tem, and (3) the physical properties and configuration resist the effects of nuclear detonations.
of the structure itself. However, the response of the
selected structure depends only upon the donor system 3--3. Analyzing Blast Environment
and the properties of the structure.

a. Although each design range is diAstinct in itself, no
3-2. Pressure Design Ranges clear-cut divisions between the three ranges exist; there-

a. General. An engineering analysis of the blast pres- fore, each protective structure must be analyzed for i4s

sures on structures can be made to describe the response own blast environment to determine its response.
of protentive structures to these pressures. This response b. Depending on the type of protective strncture

is expressed in terms of design ranges according to being considered and its location relative to the explo-
pressure intensity, namely: (1) high, (2) intermediate, sion, multiple solutions of the structural response can

and (3) low, As subsequently shown, these design ranges exist, particularly near the fringe areas between the

are related to the relative location of the protective design ranges. To illustrate these fringe areas, consider
structure to the explosion, the three theoretically possible response (resistance-

b. High-Pressure Design Range. At the high-pressure time) curves of an element subjected to a given pressure-

design range, the initial pressures acting on the protec- time loading (a, fig. 3-1). Curve A represents the

tive structure are usually extremely high and further resistance-time function of an element which responds
amplified by their reflections from the structure. Also, to the impulse (high-pressure range); the time to reach

the durations of the applied loads are short in compar- maximum deflection is very long in comparison to the
ison to the response time (time to reach maximum load duration. The intermediate range is represented by

deflection) of the individual elements of the structure, curve B where the duration of the load is in the order
"Therefore, structures subjected to blast effects at the of magnitude of the response time. In other design
high-pressure range are designed for the impulse (area cases, the response time of an element subjected to
under the pressure-time curve (chap. 4)) rather than intermediate-range blast loads can be less than, equal
for the peak pressures associated with longer duration to, or greater than the load duration (fig. 3-2). This
blast pressums. variation depends upon the parameters of the blast

c. Intermediate-Pressure Design Range. Structures (pressure and duration), the physical properties
subjected to blast pressures associated with the inter- (strength and period of vibration) of the element, and loads
mediate-pressure design range sustain blast pressures the maximum deflection permitted. Curve C illustrates the p
of smaller intensity than those associated with the the low-pressure design range of an element. The re- C,
high-pressure range. However, because the duration of quired peak resistance is in the order of magnitude of the f
these pressures (which are long in comparison to those the peak pressure while the duration of the load is magr
for the high-pressure range) are in the order of magni- extremely long compared to the time to reach maximumn each
tude of the response time of the structure, structural deflection. Although the required maximum resistance indiv
elements designed for the intennediate range respond will vary in comparison to the peak pressure, the vari- area
to the combined effects of both the pressure and impulse ation will be slight, and in general the required maxi- unde
associated with the blast output. mum resistance of an element to resist long duration whet

NO l IIAI -IY~il ilillllIll I1!IDa
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ers of the blast Figure 8-1. Variation of atrudural response and blasL loads.

loads sical properties

the pea the element, and loads will be only slightly larger (5 to 10 percent) than one of the three design-range methods (chap. 6), thereby
c. M rve C illustrates the peak pressure. obtaining the same response for all three. Figure 3-2

the fri element. The re- c. Multiple solutions of the structural response near indicates semiquantitatively the parameters which de-

magnit of magnitude of the fringe areas are illustrated in b, figure 3-1. The fine the three design ranges of an element including
each c n of the load is magnitude of both the peak pressure and duration of the appropriate relationship between the time to reach

individ reach maximum each curve has been selected so that the areas under the maximum deflection and the load duration.

area u imumn resistance individual curves are equal to one another. Also, the d. It was indicated earlier that the design range of

under ressure, the vari- area under the resistance-time curve is equal to the area an element is related to the location of the element

where required maxi- under each pressure-time curve, resulting in a situation relative to the explosion. For the quantity of explosives
st long duration where the response of the element can be solved by any considered in this manual, an element designed for the

3-1
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RELATIONSHIP / >3 3> tm/t
OF tm/to tm/._to_____5 ___ _ >_tm/t_

Figure 3-8. Parameters defining pressure design rani

high-pressure range is usually situated immediately ad- e. Certain elements of a protective structure located extremely se
jacent to the explosion, and its exposed surface facing a distance from the explosion may respond to the im- plished by n
the explosion is oriented normal or nearly normal to the pulse (high-pressure range) while other elements re- ter, providir
propagation of the initial pressure wave (fig. 3-3, cases spond to the blast loads of either the intermediate- or structure, at
I and II). On the other hand, elements which are located low-pressure range (fig. 3-3, case III), In most cases, the structur
close to the explosion and are positioned parallel to the those elements facing the explosion will be sensitive of fragnents
path of the wave propagation may respond to the blast either to the high- or intermediate-pressure range blast the uncontn
effects associated with the intermediate-pressure design loads while other elements will respond to the blast vided by cot
range. Elements located close to a detonation seldom parameters associated with either the intermediate- or the explosion
respond solely to a peak pressure. low-pressure ranges. the material

areas.
Section II. PROTECTION CATEGORIES

3-4. General materials, including toxic chemicals, active radiological
or biological materials, etc.

For the purpose of analysis, the protection afforded by c. Prevent communication of detonation by frag-
a facility or its components can be subdivided into four ments and high-blast pressures.
protection categories as described below. d. Prevent mass detonation of explosives as a result 3-7. Humi

a. Protect personnel from fragments, falling portions of subsequent detonations produced by communication
of the structure and/or equipment, and attenuation of of detonation between two adjoining areas. a. Blast ,1
blast pressures and structural motion to a level consis- 3-5 S (1) Hui
tent with safety requirements. explosion is

b. Protect equipment and supplies from fragment The first two categories (par& 3-4a and b) apply to of a person I
impact, blast pressures, and structural motions; and/or protective structures classified as shelters which provide to the pressujprotect against the uncontrolled release of hazardous protection for personnel, valuable equipment, and/or shape of the

3-2
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Aysensi located extremely sensitive explosives. This protection is accom- 3-6. Banion
the ir- plished by minimizing the pressure leakage into a shel- The last two protection categories (para 3-4c and d)

viding nts re- ter, providing adequate support for the contents of the pertain to the design of barriers where protectien ofre, and iate- or structure., and preventing penetration to the interior of explosives from the effects of blast pressures and impact
ictume t cases, the structure by primary fragments and/or formation of primary fragments must be prov:ded. For the third
ients fr nsitive of fragments from the structure itself. Protection against protection category (para 3-4c), the explosion must be
ontroll ge blast the uncontrolled spread of hazardous materials is pro- confined to a donor cell, whereas in the fourth protectiony conlin e blast vided by confining materials within the structure where category (para 3-4d), propagation between two adja-
losion t iate- or the explosion takes place or by permitting spreading of cent areas is permitted. However, this communication
berials the materials by controlled means to controlled (safe) of detonation must not extend to other areas of the

areas. facility. This situation may arise in the event of the

dissimilarity of construction and/or explosive contents

ological of adjacent areas.

y frag- Section I11. RECEIVER SENSITIVITY

lumen a result 3-7. Human Tolerance loading), are significant factors in determining the
ication amount of injury sustained. Shock tube and explosiveast Pres a. Blast Pressures. tests have indicated that human blast Culerance varies

H una (1) Human tolerance to the blast output of an with the duration of the appled loading, i.e., the pres-
n is re explosion is relatively high. However, the orientation sure tolerance for short-duration blast loads is signifi-son (a pply to of a person (standing, sitting, prone, face-on or side-on cantly higher than that fori long-duration blast loads.

ressure provide to the pressure front) relative to the blast, as well as the (2) Recent tests have indicated that the lungs canf the p and/or shape of the pressure front (fast or slow rise, stepped be considered as the critical target organs in blast-

j -- .
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F igure 3--3. Design range co~rreponding to location of th structural e•in reativ to an exploion, the Si
pressure injuries. The release of air bubbles from dis- threshold pressure level for petechial hemorrhage re- high-.(
rupted alveoli of the lungs into the vascular system suiting from long-duration loads may be as low as 10 to can peprobably accounts for most deaths. Bated on present 15 psi or approximately one-third that for short- body edata, a tentative estimate of man's response to fnAt-rise duration blast loads. The time-honored estimate for ing orpressures of short duration (3 to 5 ms) is given in table human eardrum rupture is 5 and 15 psi for threshold toleran3-1. The threshold and severe lung-hemorrhage pressure and 50 percent chance of casualty, respectively.levels are 30 to 40 psi and above 80 psi, respectively, (3) The pressures referred to in (2) above are the body awhile the threshold for lethality due to lung damage is maximal effective pressures, that is, the highest of either
approximately 100 to 120 psi. On the other hand, the the incident pressure, the incident plus the dynamic motion/
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Tabl 3-Table ,1-4. Tenwitis Criteria for Primary-Blast Efects in MaN (2) If a subject is not attached to the structure,
4 ppical Applicable to Fast-Rising Air Blasts of Short Duration (8 me) he may be vulnerable to impact resulting from collision

Critical orvan. or event MOXiM41 ,d with the floor due to the structure dropping out beneath
.,es,,, (•t) him and/or the structure rebounding upward towards

iardrum Eardrum Rupture: him. However, the more plausible means of impact
Th Threshold ------------------------- 5 injury results from the subject being thrown off balance

50 percent ------------------------- 1i because of the horizontal motions of the structure,
,ung Dai Lung Damage:

Thre Threshold ------------.------------ 30-40 causing him to be thrown bodily against other persons,
Severe ---------------.------------ 80 and above equipment, walls, and hard surfaces.

ever Lethality: (3) A recent study has indicated that a probable

Thre Threshold ------------------------- IOD-120 safe impact tolerance velocity is 10 fps. This applies to
a Na5r 10 percent - _---------------- 130-180 impact with hard, flat surfaces in various body postures

and to impact of the head, If the line of thrust for head
Te Te maximal effective pre ma may be either the incident xr ..... the impact with a hard surface is directly along the longi-

,cident pi incident plus dynamic prmeures, or the reflected preaure (para 3-7a(2)).
tudinal axis of the body (a subject falling head first),
the 10 fps value does not apply since the head would

pressures, or the reflected pressure. The type of pressure receive the total kinetic energy of the entire mass of the

'hich % which will be the maximal effective depends upon the body. Impacts with comers or edges are also extremely
rientatit orientation of the individual relative to the blast as critical, even at velocities less than 10 fps. An impact.
,ell a well as the proximity of reflecting surfaces. As an exam- velocity of 10 fps is considered to be generally safe for
le, consi pIe, consider the pressure level which will cause the onset personnel who are in a fairly rigid posture; therefore,

lung of lung injury to personnel in various positions and greater impact velocities can be tolerated if the body is
'cations. locations. The threshold would be 30 to 40 psi reflected in a more flexible position or if the area of impact is

sure pressure for personnel against a reflector (any position), large.
30 to 40 psi incident plus dynamic pressure (20 to 25 (4) The effects of horizontal motion on the stability

ii wouk psi would be the incident pressure plus 10 to 15 psi of personnel (throwing them off balance or hurling them

rnamic dynamic pressure) for personnel in the open either laterally) depends on the body stance and position, the

anding standing or prone-side-on, and 30 to 40 psi incident acceleration intensity and duration, and the rate of

essure pressure for personnel in the open in a prone-end-on onset of the acceleration (jolt). An investigation of data

isition. position. concerning sudden stops in automobiles ond passenger
(4) (4) Based upon the above tolerances, shelters con- tra ins indicates that personnel can (depending on stance

ining p taining personnel may be permitted to have some inte- and jolt) sustain horizontal accelerations less than 0.4 g

r press ior pressure. buildup as a result of pressure leakage without being thrown off balance. These accelerations

rough through small openings. However, this buildup in pres- have durations of several seconds; hence the acce!era-
re shoul sure should be controlled both in magnitude and dura- tions considered in this manual required to throw per-
in, and tion, and provisions should be made in the design to sonnel off balance are probably greater because of their

3ure tha insure that the leakage pressures do not produce internal shorter durations and associated jolts. Therefore, the
mage t( damage to the structure or its contents. Direct exposure tolerable horizontal acceleration of 0.50 g required to
the pr to the pressures entering the structure should be mini- provide protection against ground-shock effects result-
zed. T mized. The jetting effects produced by the pressures ing from nuclear detonations is recommended for non-

ssing th passing through an opening can result in amplification restrained personnel (standing, sitting, or reclining).

the pre of the pressures at the interior side of the opening. The (5) If the vertical downward acceleration of the

gnitud magnitude of this increased pressure can be several structure is greater than 1 g, relative movement between
es aws I times as large as the maximum average pressure acting the subject and the structure is produced. As the struc-

the in on the interior of the structure during the passage of ture drops beneath him, the subject begins to fall until
blast the blast wave. such time that the structure slows down and the free

b. Srudtral Motions. ialling subject overtakes and impacta with the structure.
(1) B (1) Because the structural motions associated with The impact velocity is equal to the relative velocity

h-explo morrhage re- high-explosive detonations are transient in nature and between the structure and the subject at the time of

posih low as 10 to can possibly impart an abrupt veloc'ty change to the impact, and to assure safety it should not exceed 10 fps.
at for short- body either in stopping or starting, in %ddition to shak- (6) To illustrate this vertical impact, a body which

or vib estimate for ing or vibrating of the body, it is necessary that human free falls for a distance equal to approximately 1J feet
trance for threshold tolerarce to two types of shock exposures be considered: has a term'nal or impact velocity of 10 fps against

(a) tively. (a) Impacts involving velocity shocks causing another stationary body. If the second body had a down-
!y aece above are the body acceleration or deceleration. ward velocity of 2 fps at the time of impact, then the

(b) ghest of either (b) Body vibration as a result of the vibratory impact velocity between the two bodies would be 8 fps.
ion of the dynamic motion of the structure. (7) Because of the general activity required in

) .'-3
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most manufacturing processes, attaching personnel to a permanent. Temporary failures, often called "malfunc-

istructure to prevent displacement is not usually prac- tions", are characterized by temporary disruption of

tical. However, in certain testing and other facility normal operation, whereas permanent failures are char-
operations, this method of protection against structural acterized by breakage, resulting in damage so severe

motion may be useful. Although the possibility of the that the ability of t~he equipment to perform its intended
occurrence of impact associated with nonrestrained function is impaired permanently.

perscnnel is not a factor in protecting restrained sub- (2) The capacity of an item of equipment to with-

jects, the harmful effects associated with restraining stand shock and vibration is conventionally expressed

can be more severe than for nonattached personnel. In in terms of its "fragility level" which is defined as the

addition to the direct interference with physical ac- magnitude of shock (acceleration) that the equipment

tivity, discomfort, pain, trauma and, depending on the can tolerate and stil! remain operational. The fragility
severity of the motion and the physical condition of the level f,)r a particular equipment item is dependent upon
subject, mortality can occur. Other effects associated the strength of the item (frazxni, housing, and compo-

with long-duration vibrations, such as irritation and nents) and, to some extent, the nature of the excitatioa

fatigue, are not likely because of the transient nature to which it is subjected. An equipment item may sustain
of the motions, a single peak acceleration due to a transient input load,

(8) Based on the available personnel vibration but may fail under a vibration-type input having the

data, the following vibrational tolerances for restrained same peak acceleration amplitude. For this reason, fra-

personnel were considered: 2 g for less than 10 cps, gility data should be considered in conjunction with
5 g fGr 10-20 cps, 7 g for 20-40 cps, and 10 g above such factors as the natural frequencies and damping

40 cps. However, the use of acceleration tolerances characteristics of the equipment and its components,
greater than 2 g usually requires restraining devices too as well as the characteristics of the input used to deter-

elaborate for most explosive handling or testing facili- mine the tolerance as compared to the motion of the
ties. structure which will house the equipment.

c. Fragments. Human tolerance to fragment impact (3) The maximum shock tolerances for equipment

is very low. As mentioned in b(5) above, the impact of a vary considerably more than those for personnel. To

relatively large mass with a velocity less than 10 fps establish the maximum shock tolerance for a particular
against a subject can result in serious bodily injury, item, it is necessary to perform tests or analyses. Only
Also the impact of smaller masses with higher velocities selected iten.s of equipment have been tested to deter-
can result in injuries as severe as those produced by mine shock tolerances applicabie for protection from
larger masses. In general, complete protection must be the damage which may be caused by structural motions,

afforded personnel from all falling and/or flying objects. with most of this data resulting from tests to sustain
ground-shock motions due to a nuclear environment.

3-8. Equipment However, data is available 2oncerning general shock
effects, indicating strength and ruggedness or sensitivity

a. Blast Pressures. Unless the equipment is of the of equipment. This data, which is based primarily on
heavy-duty type (motors, generators, etc.), equipment transportation and conventional operational shock re-

to be protected from blast pressures must be housed in quirements, indicates that most commercial mechanical
shelter-type structures similar to those required for the and electrical equipment items are able to sustain at
protection of personnel. Under these circumstances, the least 3 g while fragile equipment (such as electronic
equipment will be subjected to the blast pressures which equipment) can generally sustain 1.5 g. c. Fra
are permitted to leak into the shelter through small (4) The above tolerances are safe values, and ac- (1)
openings. If the magnitude of these leakage pressures is tual tolerances are in many cases higher than 3 g asage from
minimized to a level consistent with that required for idicated in table 3-2. However, the use of such acceler- of its con

personnel protection, then in most cases protection from ation values requires verification by shock testing with size and

the direct effects of the pressures is afforded to the equip- the induced motions (input) consistent with expected (2)
.4 ment. However, in some instances, damage to the equip- structural motions. etc.) may
i ment supports may occur which, in turn, can result in of electrii

damage to the equipment as a result of falling. Also, if as the re.
the equipment is located adjacent to the shelter open- Table S-2. Examples of Equipment Shock Tolerance, fragile eq

ings, the jetting effects of the pressures entering the SPpeat Peak acc.rat,,ton erally be
structure can have adverse effects on the equipment. of large r
In general, equipment should be positioned away from Fluorescent light fixtures (with lamps) ---------- 20 to 30 g fragment

openings and securely supported. Heavy machinery (motors, generators, trans- destroy f
b. Structural Motion and Shock. formers, etc. > 4,000 lb.) -------.------------ 10 to 30 S tration ceMedium-weight machinery (purels, condeensrm,

(1) Damage to equipirent can result in failures AC equip. 1,000 to 4,000 lb)--- -...------- 15 to 45 g cause per

which can be divided into two classes: temporary and Light machinery (small motors < 1,000 Ibs) 30 to 70 g age to tt
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Fragme stain at Figure 3-4. Boundary velocity curve for uncaged pcniolite.
(i) Ssc ectronic mnsslo
romu fra c. Fragments. ments seldom result in severe damage. These fragments

compo and ac- (1) Susceptibility of an item of equipment to dam- usually richochet beyond the equipment unless the
md ve•o 3 g a age from fragment impact depends upon the ruggedness component part of the equipment it strikes is glass or

(2) S3ig acceler- of its components, its container, if any, and upon the other fragile material, in which case, some damage may

may suti ing with size and velocity of the fragment at the time of impact. be inflicted.

-etrical xpected (2) Some heavy equipment (motors, generators, (3) Although the damage to the equipment of a
te result etc.) may sustain malfunctions as a result of the severing structure can be great as a result of falling or flying

le resul of electrical connections, etc., but seldom is destroyed debris, the increased cost of strengthening walls %nd
eias the result of the impact. On the other hand, more other portions of the protective structure is usually not

be ren ces fragile equipment (electronic equipment, etc.) will gen- justified unless personnel or acceptor charge protection

Me Mtt erally be rendered inoperable due to the impact effects is also required and/or the cost of the equipment item
of large masses (of either low or high velocities). Light being prGtected exceeds the increased construction costs.

oy frag to 30 g fragments with high velocities may also completely
un capa destroy fragile equipment. The impact force and pene- 3-9. Explosiveos
3 perfo. 10 to 30 S tration capability of the fragment may be such as to
tothe 15 to 45 g cause perforation of the equipment container and dam- a. General. The tolerances of explosives to blast pres-

30 to 70 g age to the interior contents. Low-velocity, light frag- sure, structural motion, and impact differ for each type
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Figure 8-5. Boundary velocity curve for uncaue cyclotol.

of explosive material with pressure and motion being c. Structural Motions. Structural motion effects on
the least cause of propagation. explosives are similar to the impact effects produced by

b. Blast Pressures. Except in the region of extremely blast pressures. The movemert of the structure tends
high pressures, most explosive materials are insensitive to dislodge the explosive from its support resulting in
to the effects of blast pressures. In many instances, an impact of the explosive with the floor or other parts
however, the secondary effects, such as dislodgment of of the structure. The distance the explosive falls and
the explosive from its support and propulsion of the its sensitivity to impact and friction determine whether
explosive against hard surfaces, can result in a poasible or not propagation uccurs.
detonation depending upon the tolerance of the explo- d. Fragments.
sive to impact. Results of several different types of (1) Although blast pressure and structural motions
sensitivity tests (drop tests, card gap tests, friction can produce explosive propagation, the main source of
tests, etc.) ame presently available which aid in the communication of explosions is by primary fragments
establishment of the tolerance of most explosive mate- from the breakup of the donor casing, fragments pro-
rials to impact. duced by the fracture of a portion of the structure,

NEI
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or disengagement of interior equipment. Only 9, .•mat- Table 3-3. impact Se•wilivity Constant

Iinengag tering of information is available pertaining to the toler- rTyp of explosive Impact, e•,,ivitU constant K

ngofinf ance of explosives to fragment impact. Amiatol --------------------- _------- 14.50X 10'
e of.1 expl ion(2) A theoretical relationship has been established Cyclotol (60/40)---------------------4.10X10'

between the weight of a primary fragment W, and the Pentolite -----------------------_-- 2.78X106
(2) th thickness of the acceptor casing t, which defines the RDX/TNT (70/30) ---------------- 3.24X10'

minimum or boundary velocity v, at which propagation RDX/TNT (60/40) ---------------- 4.15X106
kness of an explosion occurs as a result of primary fragment TNT ------------------------------ 16.30X105
iimuln impact: Torpex ---------------------------- 3.55 X 100
Lin explo.

)2 Ke(b.371dW') (4) Several testing methods have been developed
WV 2I3(l- 3 t.3/W,1I3) to determine the sensitivity of explosives to impact by

fragments, Although the number of tests performed has
where K is a constant that depends upon the sensitivity been small and only the impact effects of small quanti-
of the explosive material contained in the acceptor ties (maximum weight of 70 pounds) of concrete frag-

the K 15charge. The values of K have been derived from a num- ments or sand and gravel rubble have been investigated,
the exp her of experiments and are listed in table 3-3. the results do indicate that the boundary velocity for
orge. TI(3) Although the above relationship has not been lightly cased composition B acceptor explosives for the
of xl a verified for cased acceptor explosives, recent tests have conditions investigated is in the order of approximately
(3)e Al 0indicated that equation 3-1 will give conservative esti- 400 fps. Additional tests are required to determine if

mates of the boundary velocities of uncased pentolite variation of the fragment mass and shape will affect
icatei t 0 (fig. 3-4) and cyclotol (fig. 3-5) when impacted by the magnitude of the boundary velocity established to
tes of t light metal fragments. date.
;. 3-4)
it, niItal Section IV. STRUCTURAL BEHAVIOR

3-10. Modes of Structural Behavior 3-11. Structural Behavior of Reinforced Con-
crete

10. M The response of a structural element can be expressed

in terms of two modes of structural behavior: (1) the a. General. As a reinforced-concrete element is dy-
e repl)O 0 ductile mode in which the element attains large inelastic namically loaded, the element deflects (with well-defined
terms o o deflections without complete collapse and (2) the brittle cracking (fig. 3-6)) until such time that: (1) the strain
,tle: mInd mode in which partial failure or total collapse of the energy of the e'ement is developed sufficiently to bal-
Elect lors 0Thanac element occurs. The selected behavior of an element for anee the kinetic energy produced by the applied loads
de in w 0 a particular design is governed by (1) the magnitude and the element comes to rest, or (2) fragmentation of

int of. and duration of the blast output, (2) the occurrence of the concrete (fig. 3--7) occurs resulting in either partial
jarticult 0 primary fragments, and (3) the function of the protec- or total collapse of the e'ement. The maximum deflec.

d 3.0ati tive structure, i.e., shelter or barrier depending upon tion attainable is a function of the span concrete dimen-
mary r 85 3.0 the protection level required. sions and the type, amount, and details of the reinforce-
'e strue, ment used in a particular design.

prote .b. Ductile Mode of Behavior of Laced Elements.

5 • •(1) To insure ductile behavior and to optimize the
development of the available etrain energy of reinforced

Imotion effects on ' . * )

effects produced by
the structure tends-upport resulting in t
floor or other parts
explosive falls and I
determine whether K-

structural motions
the main source of
primary fragments
*ng, fragments pro-

of the structure, Figure 8-6. Tenson cracks. Fion 8-7. lmgmen"ion.
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elements, The lacin
concrete elements. it is often nescesary to miake basic of the element and thc intervening concrete are laced the strain hardenir
changes in thc reinforcement details in Concrete ele- together (figs. 3-8 and 3-9) with continuous bent diag-. strain curve beyon,
ments used in blast-res9istant design as compared to onal bars. This system. of lacing contributes to the integ- increases with inc
those utilized in conventional design. The element is rity of the protective element in the following several developed and tew
reinforced symmetrically, i.e., the compression rein- ways. standard reinforcir
forcement is the same as the te.asion reinforcement. (a) Ductility of the flexural steel, including the uf the concrete fro
Also the straight flexural reinforcing bars on each face strain hardening region, is fully developed, and buckling of th

failure. long before
ment and the miaxi

(3) Even witi
tion in strength (fip

HORIZNTALor spalling of the
LACIZNG A the element. TheLACINGstresses are transf,

pression reinforcer
reduction is in pa
concrete cover.

FLEXUJRAL BARS--: (4) Lacing
-BARRIER strength to resist
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Figure 3-9. Typical laced wall.
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prity
a0 rei (b) Integrity of the concrete between the two dowel action of the flexurai steel, and by developing
1g. layers of flexural reinforcement is maintained despite the shear strength of the concrete remaining between
prsi massive cracking. the layers of reinforcement. Extension of the lacing and

(c) Compression reinforcement is restrained from flexural reinforcement into the supports provides the
I shel buckling, required anchorage to assure full development of the

(d) High shear stresses at the supports are re- flexural strength, and continuity of the 'acing through-
tl she sisted. out the element prevents direct (pure) shear and diag-
e pel (e) Local shear failure produced by the high onal tension failures.
ntity intensity of the peak blast pressures is prevented. (5) The need for high strength and large deflection
d du (f) Quantity and velocity of post-failure frag- capability requires the use of lacing in the design of

ments produced during the brittle mode of behavior some portions of structures located close to the deton-
resistt are reduced. ation. Because blast loads associated with the blast
the i (2) The resistance-deflection curve (fig. 3-10) effects of a close-in detonation are nonuniform and of
lacing demonstrates the action of laced reinforced concrete high intensity, extremely high-pressure concentrations
lenin elements. The lacing enables the element to deflect until are developed which, in turn, can produce local (punch-
3yon( ed the strain hardening region (that portion of the stress- ing) failure of an element. With the use of lacing, how-

incr( g- strain curve beyond the yield point where the strength ever, the high shears produced in the vicinity of the
tensi g- increases with increasing strain) of the steel is fully concentrated loads are transferred to other areas of the

orin ral developed and tension failure of the steel occurs. With element where the applied blast loads are less severe.
e from standard reinforcing details, cracking and dislodgment In effect, the lacing tends to spread out the effects of
of the he of the concrete from between the reinforcement layers non-uniformity of the loading. Lacing is also useful in

fore and buckling of the compression steel usually produce those elements where !arge deflections are desirable. In
uaxin failure long before the ultimate strain of the reinforce- these cases, the lacing not only resists the high shears
with ment and the maximum energy absorption are attained, but also maintains the integrity of the severely cracked

h (fig. (3) Even with laced reinforcement, a small reduc- concrete between the compression and tension reinforce-
the c tion in strength (fig. 3-10) occurs because of the crushing ment during the latter stages of deflection.
The or spalling of the concrete in the compression region of c. Dudile Mode of Behavior of Unlaced Elements.
ansf the element. The concrete fails and the compression (1) Structures located outside the immediate area
)rcem stresses are transferred from the concrete to the com- of high blast intensity (high-pressure des'gn range) can
s par pression reinforcement. The magnitude of the strength be designed without lacing. In the intermediate- and
r. reduction is in part a function of the thickness of the low-pressure design ranges, the distribut'on of the ap-

r concrete cover, plied loads is fairly uniform and the deflect:ons required
Ssist (4) Lacing reinforcement provides adequate to absorb the loading are considerably smaller than the
ind i strength to resist high shear stresses in the region of deflections which can be realized with laced concrete
;th of the supports and in the interior portions of the element elements.

by the strength of the lacing, by the development of (2) Results of high-explosive structura response

BEGINING OF

YIL

SYIELD •STRAIN HARDENING

"/,FILREO REGION FOR REINF.

SCONCRETECOVER

W

'"-"FLEXURAL REINF STRAIN
I ' NOT FULLY DEVELOPED

DEFLECTION
Figurm -10. Reed.n0•-tdsedion cww.
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0 -ANGULAR ROTATION
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OF RESPONSE

HINGEHINGES-ý '-""" POINT OF MAX. DEFL.

Figure 8-11. Suppori roiation.

tests have indicated that unlaced concrete elements, wave being transmitted through the concrete, and (2)
which do not fail because of insufficient shear capacity, scabbing produced by large strains in the flexural rein-
begin to lose their structura' integrity after support forcement. Both direct spalling and scabbing will occur
rotations (fig. 3-11) in the order of 2 degrees are during the ductile mode of behavior. Because direct
achieved. If additional shear strength above that af- spalling is dependent upon the transmission of shock
forded by the concrete is required in unlaced e!ements, pressures, fragments formed from this type of spalling
then discontinuous loop stirrups or other conventional will be produced immediately after the blast pressures.
types of shear reinforcement may be used to fully Scabbing, on the other hand, will occur during the later
develop the ultimate strength of the element. stages of the flexural (ductile mode) action of the ele-

d. BriUle Mode of Behavior. ment. Both type of spalls will affect the capacity of the
(1) The brittle behavior of reinforced concrete is element to resist the applied biast loads.

composed of two types of concrete failure: (1) spalling (3) The failure characteristics of an element with
which consists of the dynamic disengagement of the laced reinforcement differ from those of other concrete
concrete cover over the flexural reinforcement, and (2) elements. The sie of failed sections of laced elements
post-failure fragments which are formed by the collapse is fixed by the regions of maximum stress in the element
of the structure. The latter is usually the more serious, where hinges form during the plastic (post-yield) range
Post-failure fragments are generelly large in number of response (fig. 3-11). After failure, the element be-
and/or size with velocities which can result in propa- tween the hinges usually remains intact (fig. 3-12)
gation of explosion. Spalling is usuully only of concern whereas in unlaced elements, fragments are usually in
in those protective structures where personnel, equip- the form of concrete rubble (fig. 3-13). Tests have
ment, or sensitive explosives require proteftion, while shown that support rotations (fig. 3-14) of kced ele-
controlled post-failure fragments arc permitted where ments can reach or exceed 120 before failure occurs with
the receiver system consists of less sensitive explosives, resultant frgment velocities as low as 30 percent of the

(2) Two types of spalling may occur: (1) direct maximum velocity of the rubble formed from similarly
spalling, at the free surfaces of the concrete, resulting loaded unlaced elements.
from the reflection of high shock pressures of the blast

/
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Figrsre 1~-43. Pui~tw3 of anl unlaced el-ment.
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Figure 3-14. Element at the verge of incitjpn failure.
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Section I. INTRODUCTION 
that of tl

high-explo4-1. Effect of Explosive Output and associated structure loadings produced by explo- blast effex

In the design of protective structures to resist the sions. Both unconfined explosions (air and surface explosives
effects of accidental explosions, the principal effects of bursts) and explosions which are confined or partially terials in
the explosive output to be considered are blast pressures confined by surrounding structures or walls are con- lyzed and
and primary fragments. Of these two parameters, the sidered. Although the quantitative data presented per- the TNT
blast pressures are usually the governing factor in the tains to the blast output of bare TNT spherical or their equ
determination of the structure's response. However, in hemispherical charges considered as point source ex- explosive
some situations, primary fragments from the explosive plosions, the data can be extended by appropriate carbon ti
container may be just as important as the pressures in means to include other potentially mass-detonating equivalen
determining the configuration of the protective facility, materials (solid, liquid, or gas) of varying shapes. In peak bias

addition, this chapter discusses the velocity, weight, entire int(
4-2. Scope and number of primary fragments produced by the pressures,
This chapter deals primarily with the blast pressures shattering of the metal container of cased explosives, sure level

which reh
Section II. BLAST PRESSURE OUTPUT (2) 1

equivalen
4-3. Blast Phenomena materials. Liquid and gaseous explosives encompass a impulse

wide variety of substances used in the manufacture of pressure-(
a. The blast effects of an explosion are in the form chemicals, fuels, propellants, etc. The blast pressure of the cot

of a shock wave composed of a high-pressure shock environment produced will vary not only among the lent willI
front which expands outward from the center of the different materials but may also differ for a particular tural rese
detonation with intensity of the pressures decaying material. Such factors as methods and procedures used structure
with distance and as a function of time. As the wave in manufacturing, storage, and handling, in addition to sure puls
front impinges on a protective structure, a portion of specific individual physical and chemical characteristics, of given
the structure or the structure as a whole will be en- may alter the blast effects of an explosive material. for both
gulfed by the shock pressures. The magnitude and (2) The blast effects of solid materials are best varying I
distribution of the blast loads on the structure %rising known. This is particularly true for high-explosive
from these pressures are a function of the following materials. The blast pressures, impulse, durations, and 4-4. 8
factors: (1) explosive properties, namely, type of ex- other blast effects of an explosion have been well a. The
plosive material, energy outpipt (high or low order established. These effects are contained in this chapter. into two
detonation) and weight of explosive; (2) the location of (3) Unlike high-explosive materials, other solid, the confl
the explosion relative to the protective structure; and liquid, and gasous explosive materials will exhibit a and par
(3) the magnitude and reinforcement of the pressure variation of their blast pressure output. An explosion divided
by its interaction with the ground, barrier, or the pro- of these materials is in many cases incomplete, and relative i
tective structure itself. The first of these three factors only a portion of the total mass of the explosive (effec- on the
is discussed in b and c below and the latter two factors tive charge weight) is involved in the detonation pro*- illustrate
are discusmd throughout the remainder of this chapter. eo. The remainder of the masn is usually consumed by (1)

b. Explosiw Maerials. deflagration resulting in a large amouti of the material's
(1) Explosive materials may be classified accord- chemical energy being dissipated as thermal energy gates av

ing to their physical state: (a) solids, (b) liquids, and which, in turn, may cause fires. The discontinuance in the stru4
() gasu . Solid explosives are primarily high explosives; the detonation proess is produced by the physical and initial st
however, other materials such as chemicals and pro- chemical properties of the material including its bimo- (I
pellants may also be classified as potentially explosive lecular structure, combining of the various physical a distan

/
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ineffoc.
her sim states, ineffective combining of the fuel and oxidizer, Table 4-1. Rquivalo, Weighi Raiios for Fm-Air Effects
'NT E and other similar related factors.

The c. TNT Equivalent.o, Me l ,,a , tEIF,, .
in thiLL (1) The major quantity of blast effects data pre-
of TN sented in this manual pertains to the blast pressure Comp A-3 ....------------- _---- 1.09 1.07

lude oti output of TNT explosions. This data can be extended Comp B ------------------------ 1.10 1.06
xplosiv to include other potentially mass-detonating materials Comip B/Tiiff (70/30) ----------- 1.13 1.13
1 in the and explosives whose shapes differ from those con- Cyclotol (70/30) ---------------- 1.14 1.09
"effect sidered in the manual by relating the explosive energy xplosive D --------------------- 1 0.85 0.81

)f an e• of the "effective charge weight" of these materials to HBX-3 ------------.------------ 1.16 1.25
of tht that of an equivalent weight of TNT. The explosive H-0 ----------------------------- 1.27 1.38

)f the energy of the effective charge weight is also equal to Minol 11 ------------------------ 1.19 1.17
,Xplosiw that of the total mass of the material. No clear-cut Pentolite ------------------------ 1.17 1.13

effects high-explosive equivalent may be utilized to define the Pierato! ------------------------- 0.90 0.93
RDX/Wax (98/2) ------ _--------1.19 1.16

tives th uced by explo- blast effects of explosive materials other than high- RDX/Wax (95/5) -------......... 1.19 1.16
Sin the ir and surface explosives themselves. The blast effects of other ma- TNT- .------------.------------ 1.00 1.00

and th ed or partially terials in the anticipated environments must be ana- TNETB .......---------.--------- 1.13 0.96
'NT ex walls are con- lyzed and then related to the blast effects produced by Torpex II ----------------------- 1.24 1.20
equival presented per- the TNT explosion at the range of interest to obtain Tritonal (80/20) ----------------- 1.07 1.11

give tes spherical or their equivalencies. To illustrate a typical analysis,
n niixt mit source ex- explosive tests of certain propellant liquids and hydro- Note. Data i- applicable for presure level between 2 and 50 psi ranco for

alent o y appropriate carbon mixtures have indicated that the explosive shook overpresure.

blast P aass-detonating equivalent of these materials which relate both the
tinterm ing shapes. In peak blast pressures and impulse is constant over the ground reflections of the initial wave occur before the
ires, th city, weight, entire intermediate- and low-pressure ranges At higher blast wave reaches the structure.
evel an duced by the pressures, the TNT equivalent will vary for each pres- (c) Surface-burt loads. The explosion is located

Srelates explosives, sure level and will be different than the TNT equivalent close to or on the ground so that the shock wave is
2) For which relates the impulse. amplified at the point of detonation due to ground
alent s (2) For blast-resistant design in general, the TNT reflections.
lse rela equivalent should be based upon a pressure and/or (2) Partially confined explosions.
ure-desi Pncompass a impulse relationship depending upon the anticipated (a) Exterior or leakage-pres8sure loads. The deto-
0 compr anufacture of pressure-design range. In addition to being a function nation occurs near the ground surface and behind an
,Vill aln last pressure of the comparable blast effects themselves, the equiva- obstruction (barrier or within a cubicle) so that the

respol y among the lent will also be dependent upon the anticipated struc- shock wave is interfered with before reaching the
tures r a particular tural response. For the lower pressure ranges where structure.
pulse o cedures used structures respond to either the peak pressure or pres- (b) Interior or high-pressure loads. The deto.
7en exp i addition to sure pulse of the shock wave, the ratio of the weights nation is located within or immediately adjacent to
*th pe aracteristics, of giver. explosives to that of TNT is given in table 4-1 barrier-type structures and the blast pressures are
ing bet material. for both peak pressure and impulse in pressure levels amplified due to their multiple reflections by the struc-

als are best varying betweeit 2 and 50 psi. ture as a result of the closeness of the structure to the
B*ola gh-explosive explosion.

The b rations, and b. Protection of personnel and valuable equipment

two m been well a. The blast loading on structures can be divided (receiver system) will usually involve protective shelters
confinee his chapter. into two main groups ((1) and (2) below) based upon located away from the detonation. Their design may
partial other solid, the confinement of the explosive charge (unconfined involve one or more of the following blast-loading

led in 1i exhibit a and partially confined explosions) and further sub- categories: (1) free-air burst, (2) air bh.rst, (3) surface
ive ch n explosion divided into blast-loading categories based upon the burst, and (4) exterior or leakage pressure. These
the st plete, and relative charge location and the blast loading produced shelters are usually completely enclosed buildings lo-
trated ive (effee- on the structure. The relative charge locations are cated at pressure ranges of a few hundred psi or less.
(1) U ation proc- illustrated in figure 4-1. Depending on the design pressures, these structures

(a) Lnkuxed by (I) Unconfined explosiona. can be either above, below, or at ground surface. For

a away material's (a) Free-air-burst loads, The blast wave propa- the fifth blast-loading category (interior or high pres-
structu al energy gates away from the center of the explosion striking sure), protection is required immediately adjacent to
aL shoel •nanei the structure without intermediate amplification of the the protective structure or barrier confining the explo-

(b) •ysical and initial shock wave. slon. The receiver portion of such an explosive system
stance its b'mo- (b) Air-burst load.. The eaplosion is located at may include other explosive materials and/or personnel.

physical a distance away from and above the structure so that c. Of the five defined categories, those for air bursts

II!1! III'II NIIll. .. ..
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No. 1 No. 2

C-ubicle or -.Above GroundBarrier aelter -

Nos. 4& - I No.3
elow Ground

I [' S~he lter0,

AMBIEN

BLAST LOADING CATEGORIES

Charge Protective
Confinement Category Structure

1. Free' Air Burst Loads

Unconfined 2. Air Burst Loads Shelter
,3. Surface Burst Loads

4. Exterior or Leakage

Partially Pressure Loads
Confined 5. Interior gr High Cubicle or

Pressure Loads Barrier value in the I
This is folio,

Figure 4-1. BIlam-oading caegorie. I.- longer thi
a pressure bi

are selaom encountered and the free-air burst is the 4-5. Blast-Wave Phenomena mum value c

The negativt!least likely to occur. The possibility of such blast than is the pi
environments exist where potentially explosive ma- a. The violent release of energy from a detonation (hereafter re
terials are stored at heights adjacent to, or away from, in a gaseous medium gives rise to a sudden pressure ated with th
protective structures, such as in manufacturing (storage increase in that medium. The pressure disturbance, the pressure.
tanks, etc.) or missile sites. In the latter, the rocket termed the blast wave, is characterized by an almost positive phew
propellant would be a source of explosive danger to the instantaneous rise from the ambient pregsure to a peak c. If the
ground crew and control facilities, incident pressure Po. This pressure increase or shock oriented at a

d. The other three blast-loading categories can occur front travels radially from the burst point with a the wave, a
iD most explosive manufacturing and storage facilities, diminishing velocity U which is always in excess of the on the surfa(
In such installations, transportation of explosive ma- sonic velocity of the medium. Gas molecules, making excess of the
terials between buildings either by rail, vehicle or, in up the front, move at lower velc.ities u. This latter is a function
the case of liquid or gases, through piping, is a require- particle velocity is associated with a dynamic pressure the angle fo
ment. Also storage and handling of explosives within or the pressure formed by the winds produced by the plane of the
a building is a requirement. shock fronts. As the shock front expands into inereas-, around an &

e. Although the blast-loading categories can be sepa- ingly lirger volumes of the medium, the peak incident reflected pre
rated and classified individually, no clear-cut limits pressure at the front decreases and the duration of the reflecting su
differentiate each category. In most explosive facilities pressures increases, relief towar(
the various blast environments will overlap, and judg- b. At any point away from the burst, the pressure tendency is
ment should be used in the application of the following disturbance has the shape shown in figure 4-2. The waves from t
recommendations for determining the blast parameters shock front arrives at time LA and, after the rise to the waves, trave
consistent with the various blastloading categories, peak value, the incident pressure decays to the ambient flected pressi

4-2
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Figure 4-s. Free field pressure time variation.

the tinift value in the time 10 which is the positive phase duration. to the stagnation pressure which is the value that is in
'ollowed This is followed by a negative phase with a duration equilibrium with the high-velocity air stream associated

r than ti tI- longer than the positive phase and characterized by with the incident pressure wave. When such a relief is
re below a pressure below the' pre-shot ambient pressure (maxi- not possible, for example when an incident wave strikes

ue of Pt, mum value of Po-) and a reversal of the particle flow. an infinite surface, the incident pressure at every point

rtive pht The negative phase is usually less important in a design in the wave will be reflected, and these reflected pres-

he pos iti than is the positive phase. The incident impulse density sures will last for the duration of the wave.
(r )eferr onation (hereafter referred to as unit incident impulse) associ- d. The peak positive reflected pressure is designated

h the bf ressure ated with the blast wave is the integrated area under P,, the peak negative reflected pressure P,-, and the
sure-tim rbance, the pressure-time curve and is denoted as i. for the unit impulses aspociated with a completely reflected

phase an almost positive phase and i.- for the negative phase. incident wave are i, for the positive phase and i,- for
he sho•c a peak c. If the shock wave impinges on a rigid surface the negative phase.

at an al r shock oriented at an angle to the direction of propagation of e. .n additional parameter of the blast wave, thee, a refi with a the wave, a reflected pressure is instantly developed wave length, is sometimes required in the analysis of
rf ace, s of the on the surface, and the pressure is raised to a value in structures. The positive phase wave length L. is that

the itc making excess of the incident pressure. The reflected pressure length at a given distance from the detonation which,
!tion of s latter is a function of the pressure in the incident wave and at a particular instant of time, is experiencing positive
e forme ressure the angle formed between the rigid surface and the pressures. The negative wave length L.- is similarly
the sho by the plane of the shock front. For a reflector, where flow defined for negative pressures.
kn edge nicreas- around an edge or edges occurs, the duration of the j. The above treatment of the blast wave phenomena

pressur ncident reflected pressures is controlled by the size of the is general. In subsequent sections of this chapter, the
surfac • of the reflecting surface. The high reflected pressure seeks magnitudes of the various parameters are presented

ward th relief toward the lower pressure regions. and this depending upon the category of the detonation as
is satis ressure tendency is satisfied by the propagation of rarefaction previously described: free-air burst, air burst, surface

.m the 1 2. The waves from the low- to the high-pressure region. These burst, exterior or leakage pressure, or interior or high-
raveling to the waves, traveling at the velocity of sound in the re- pressure blast loading.
resmsure mbient flected pressure region, reduce the reflected pressures3
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Section III. UNCONFINED EXPLOSIONS

D 4-6. Free-Air Burst acting on the structure are free-air-burst blast pres-
sures (fig. 4-3).

a. When a detonation occurs adjacent to and above b. As the incident pressure wave moves radially away
a protective structure such that no amplification of the from the center of the explosion, it will come in contact
initial shock wave occurs between the explosion source with the structure, and, upon contact, the initial wave
and the protective structure, then the blast loadings pressures and impulse are reinforced and reflected (fig.

ANGLE OF INCIDENCE o

SLANT DISTANCE R NOMLDSTNER

PATH OF SHOCK PROPAGATION TO POINT /
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burst blast pres-

ves radially away
I1 come in contact p

the initial wave r
and reflected (fig.

w

C', REFLECTED PRESSURE

INCIDENT PRESSURE

t to+tt .TIME

POSITIVE NEGATIVE -PHASE
PHASE DURATION . t0
DURATION to

rION Figure 4-4. Pressure-time variation for free air burst.

4-4). The reflected pressure pulse of figure 4-4 is shock propagation between the center of the explosion
1). Thc typical for infinite plane reflectors. and any other point in question.
ical fol GROUND SURFACE c. When the shock wave impinges on a surface e. The effect of the angle of incidence on the peak

Whe - oriented so that a line which describes the path of reflected pressures is shown in figure 4-6 which is a
ented s travel of the wave is normal to the surface, then the plot of the angle of incidence versus the peak reflected
vel of point of initial contact is said to sustain the maximum pressure coefficient as a function of the peak incident
Int of it (normal reflected) pressure and impulse. The positive pressure. The peak reflected pressure P,. is obtained
)rmal r phalie pressure and impulse patterns on the structure by multiplying the peak reflected pressure coefficient
ase pre vary with distance from a maximum at this normal C,. by the peak incident pressure P.,. For design pur-
ry with distance R.A to a minimum (incident pressure) where poses, the other blast parameters except the duration
tance the plene of the structure's surface is perpendicular to of the wave may be taken as those corresponding to

plane the shock front. The peak pressures, impulses, velocities, the reflected pressure P,. and are obtained from figure
shock and other parameters of this shock environment for a 4-5. The duration of the blast wave corresponds to the

I other spherical TNT explosion are given in figure t-5 verous duration of the free air pressures.
ierical the scaled distance (Z-RA/W"')).

i scaled] d. The variation of the pressure and impulse patterns '7. Air Burst
i. The on the surface between the maximum and minimum a. The air burst blast environment is produced by
the s ' values is a function of the angle of incidence a. This detonations which occur above the ground surface and
ues is •angle is formed by the line which defines the normal at some distance away from the protective structure

gle is f distance RA between the point of detonation and the so that the initial shock wave, propagating away from
tance structure and the line R which defines the path of the explosion, impinges on the ground surface prior to
ucture
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TM 5-1•I00iNAVPAC P-,197/AFM 118-22waw• propagates away from the center of the dote- of the triple poillt 17r versus scaled dista, ce Z and

nation. Tb•s iIlcrease in height is referred to a• the scaled charge height Ac is plotted in figure 4-9.
path •f the triple poin[ and is formed by the inter- d. If the height of the triple poillt does not exted
•.ection of the initia!, reflect•t, and Maeh waves. A above the height of the structure, then the magvtitud•
prvt•mtive structure is subjected to a plane wave (uni- of the applied loads will vary with the height of the
form pres•re) when the height of the triple point point considered. Above the triple point, the pressure-
exceeds the height of the structure. The scaled height time variation consist.• of an interaction of the incident
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mai Figure 4-I1. bmcdeni preeture and acaLed incidenL impauae ye. seated diatance for surface burat (hemisp~hericad charges). :

otheh

Thismagnitude of the incident pressures, impulses, and burst tests and calculated by the theoretical method
deo oth~er blast parameters resulting from surface bursts. (fig. 4-11). Here the pressure.-distance relationship, as
byaI e with the incident This method assumes that the explosive output oi a predicted by the test data, can be duplicated by varying
Th form a single wave detonation on the ground is equivalent to that produced the value of the reflected charge from 1.3W at the
cop ave of the air burst by a larger quantity of explosive detonated in free air. 3,000 psi range to 2W at 10 psi. For pressure levels
tce ape (fig. 4-10). The use of this procedure is demonstrated by the less than 10 psi, pressure values calculated using re-

)cedure utilising the comparison of the pressure-distance and impulse-dis- flected charges less than 2W will correspond to those
used to estimate the tance data obtained from hemispherical TNT surface- obtained from the test data. If the 2W reflected charge

bW
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is used to calculate pressure values less than 10 psi, usually be required for high-pressure levels and, there-
then these values will differ from those pressures ob- fore, this variance may be neglected.
tained from test data at corresponding ranges by ap- c. The parameters of the surface burst environ-
proximately 10 percent (fig. 4-1). Test results of the ment for TNT explosions are given in figure 4-12. A
scaled impulse show good agreement with those ob- comparison of figures 4-5 and 4-12 shows that, at a
tained by the application of the 2W reflected charge given distance from a detonation of the same weight
over the entire pressure range censidered in the corn- of explosive, all of the parameters of the surface burst
parison. The impulse from the theoretical method, environment arc larger than those for the free-air en-
however, is generally conservative relative to the test vironmeat.
results over the major portion of the range, Other d. As for the case of air bursts, protective structures
blast parameters acquired from hemispherical surface subjected to the explosive output of a surface burst
burst tests were compared to those obtained using the will usually be located in the pressure regions where
theoretical method. Except for the durations of the the plane wave (fig. 4-10) concept can be Qpplied.
positive phase pressures at the high-pressure levels, the Therefore, for surface bursts, the blast loads acting on
comparison of the two methods showed good agreement. structure surfaces are calculated as described for the
As will be shown later, the design of protective struc- air burst, except that the incident pressurea and other
tures against the effects of surface bursts will not parameters of the free-field shock environment are

obtained from figure 4-12.

Section IV. PARTIALLY CONFINED EXPLOSIONS

4-9. Effects of Confinement of the gas pressures is dependent upon the ratio of the
weight of the charge to the volume of the confining

a. When an explosion occurs within a structure, the structure and the size of the vents. This pressure build-
peak pressures associated with th- initial shock front up will not begin until sometime near the end of, or
(free-air pressures) will be extremely high and, in turn, after, the positive phase of the shock pressures. There-
will be amplified by their reflections within the struc- fore, an element which is not considered frangible for
ture. In addition, the accumulation of gases from the the shock pressures may be frangible for gas accumu-
explosion will exert additional pressures and increase lation. In addition to being dependent upon the physical

the load duration within the structure. The combined properties of an element, frangibility will also be a
effects of both pressures may eventually destroy the function of the magnitude of the applied blast loads
structure unless venting for the gas and the shock and, therefore, a function of the quantity of explosives
pressures is provided. The use of a cubicle-type struc- being contained and the distance from the frangible
ture (fig. 4-13), or other similar barriers, with one or element. Although frangibility is imperfectly under-
more surfaces either sufficiently frangible or open to stood and difficult to measure, it has been assumed that

K the atmosphere, will provide adequate venting. This a material whose weight is 10 pounds per square foot
type of structure will permit the blast wave from an of surface area or less may be considered frangible for
internal explosion to spill over onto the exterior ground both the shock-front pressures and gas pressures re-
surface. These pressures are referred to as exterior or suiting from detonation of explosives greater than 100
leakage pressures. The pressures reflected and rein- pounds. Some materials which conform to the limitation
forced within the structure are referred to as interior of 10 psf are the following: lightweight steel joists and
shock front pressures, while those pressures produced corrugated metal decking for roofs, insulated metal
by the accumulation of the gaseous products of the panels for walls, wooden frames with a plywood covering
explosion are identified as gas pressures. Figure 4-14 is for roofs and walls, plexiglass panels in combination
a schematic representation of a typical partially confined with either wooden or lightweight steel frames, etc.
explosion. If a lerge portion (one or more surfaces) of a structure

b. It should be noted that the term "frangible" per- whose weight is greater than that specified above fails,
tains to those elements of a protective structure whose then this section of the structure is considered frangible

. strength and mas are such as to minimize the amplifi- for the gas pressures. However, because the heavier
cation of the shook-front pressures and reduce confine- sections will take longer to fail than the lighter ele-
ment of the explosive gases. meznts, full reflection of the shock-front pressures will su

c. To minimize the amplification of the shock pres- occur. cc
sures, frangible elements nust fail so as to relieve d. In the following paragraphs of this section, simple bi
quickly the interior pressures acting on these surfaces cantilever barriers as well as cubicle-type struetureL 4-
and prevent their rtfection to the nonfrangible ele- are considered. These cubicles are assumed to have one

mentes of the structure. On the other hand, the buildup or more surfaces which are open or frangible. The

I
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hompl ont pressures will surface area of the frangible elements is sufficient to (1) When an explosion occurs within a cubicle,

buildu completely vent the structure and prevent gas-pressure the peak pressures associated with the shock front will

his section, simple buildup. be extremely high. However, because of the short du-
ration of the blast wave at close distances from high-

a. ule-type structures 4-10 Fully V..d ExlnOsions explosive detorations, cubicle structures can usually bea. umied to have one

or frangible. The a. Interior Blast Loadingr. designed for the impu!se loading rather than for the
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peak pressures as required for the relatively long du- those obtained from the results of tests of a scale-model

ration loadings associated with large Wistancos from steel cubicle and have shown good agreement for a

high-explosive detonations or from nuclear explosionri. wide range of cubicle arrangements.
(2) In confined areas, amplification of the initial (5) The parameters which are necessary t0 de-

shock front (free-air pressures) due to reflections within termine the average impulse loads are stiucture con-
the structure will occur. At any given point on a par- figuration and size, charge weight, and charge Jocation.
ticular reflecting surface, the total impulse loading is a Figure 4-15 shows many possible simple barrier and
combination of the contributions from the initial shock cubicle configurations and the definition of the various
and from the shock reflected from adjacent surfaces. parameters pertaining to each. Surfaces depicted are

(3) An approximate method for the calculation of not frangible for determining the shock loadings but
the total impulse in a fully vented cubicle has been could be frangible when considering gas pressure build-
developed in connection with the Safety Design Criteria up. For the four-wall cubicle with roof, one of the
Program. The total reflected impulse acting on various surfaces shown must be frangible for such gas pressures.
points of each surface of the cubicle have been calcu- (6) Because of the wide range of required param-
lated and then integrated to obtain the total impulse eters, the procedure for the determination of the impulse
loads. In order to simplify the calculation of the re- loads was programmed for solution on a digital com-
sponse of a protective barrier or cubicle wall to these puter. The results of these calculations, presented in
applied loads, the total impulse is assumed to be dis- figures 4-17 through 4-62, give the scaled average unit
tributed uniformly, giving an average value of the blast impulse U as a function of the parameters defining
impulse acting on any one surface. The actual distri- the configurations presented in figure 4-15. Each illus-
bution of the blast impulses is highly irregular due to tration is for a particular combination of values of
the multiple reflections and time phasing, and results
in localized high shear stresses in the element. The use h I
of average impulse loads wheit designing is predicated H and the number N of reflecting surfaces adjacent
on the ability of the element to transfer these localized
loads to regions of lower strea. Laced reinforced con- to the surface for which the impulses are being calcu-
crete and structural steel plates exhibit this char- lated. The wall (if any) parallel to the surface in
acteristic. question was found to have a negligible contribution

(4) The method of calculating the average blast to the impulse for the range of parameters used and
impulses was developed using a theoretical procedure was therefore not considered.
based on semi-empirical blast data and on the results (7) The general procedure for use of the above
of response tests of reinforced concrete slabs. The calcu- illustrations is as follows:
lated average impulse loads have been compared with (a) From figure 4-15 select the particular sur-

4-10
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SACK WALL (N'I) SACK WALL )N,2) SIDE; WALL (N,2) BACK WALL (N'31 SIDE WALL (N*2I

CANTILEVER WALL TWO WALL CUBICLE "tHREE WAU. CUBICLE

SPECTrONA PLAN SECTIONAL PLAN SECTIONAL PLAN SECTIONAL •LAN

SECTION S'CTSION

SE(CTION SECTION ELEWVTKIN $ECTI1N SEC•TION ErL([ VTION

BACK WALL (N 3 2) SI DE WALL (N -3) ROOF (NB2) SACK WALL (N -4 ) SIDE WALL (N -3) RO OF (N.3)

TWO WALL CUBICLE WITH ROOF THREE WALL CUBICLE WITH ROOF

Figure 4L-15. Barrier and CItbiWZO wnfiguv
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Notesa- C PPLAN I- . B denotes Back WAll, S Side Wall and R Roof

2. Numbers in parentheses indicate number N of reflecting
surfaces adjacent to surface in question.

SECTION SECTION SEC7I1_ 3. h is always measured to the nearest reflecting surface.
S IOE WALL (N-2) BACK WALL (N- 3) SIDVE ALL (N-3)

4. X is always measured to the nearest reflecting surfaceBACK BICLE FOUR WALL CUBICLE except for the cantilever wall where it is measured

to the nearest free edge.

1 z barrier and cubicle arrangements shown see Figures 1-4T

thru 4-62. Required parameters are:
14L ITlaNAIPA SECTIONAL PLANi SKCTKWL4L PLAN

SECTION S- ECTION

-2,h, , L. anHA R

kk~ i = ~ A an W
5 ®

ELVTO SECTION ON ELEVTIONAJSECTION ELEVAJTION StCTIN EON ELE•TIO•M For reference list of above figures for particular values of
Isi WA.L (N.3) ROOF (N-3) BACK WALL (N,41 SIDE WALL (N.4) ROOF(N.4) the parameters see Figure 4-16.

MCK CUBICLE WITH ROOF FOUR WALL CUBICLE WITH ROOF

igure 4-15. Barrier and cmbicie confgurations and parameters.

gtirations
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.. . less than I
No. of Adjacent Reflecting Surfaces equal to, t

h/H _/ _ (N) respectivel

One Two Three Four (10)
-i• iment subj4

! explosion I

0. h4-1iT 4-28 4-43 4-54 for the pr4

0.15 0.25 4-18 4-29 4-44 4-55 plied prom
0.50 4-19 4-30 4-45 4-56 comparisot

O.75 4=31 duration n
merts corr
wave to fu

0.10 4-20 4-32 4-46 4-57 the blast I

0. 25 4-21 4-33 4-41' 4-58 removed fr
0.50 4-22 4-34 4-48 4-59 sented by:
0.75 4-35 tf= (tA),-

where t. = d
0.10 4-23 4-36 4-49 4-60 (tA)P=ti

0.50 0.25 4-24 4-37 4-50 4-61 or
0.50 4-25 4-38 4-51 4-62 d(
0.75 4-39 (WA) =til

0.25 4-26 4-4o 4-52 fir
0.75 0.50 4-27 4-4i 4-53 (o)=du

0.75 4-42 th
__The time of

of interest
Fitoure 4-16. List of illustrahions for scaieco average unii impul ,se loads. furthest poi,

4-5. To accý
face of the barriei or cubicle configuration which con- in the charts for other parameters will not require the multiph
forms to the protective structure given and note the extrapolation. The values of the average impulse loads cubicle, the
number N of adjacent reflecting surfaces as indicated corresponding to the values of the parameters which percent.
in parentheses. exceed their limiting values (as defined by the charts), (11) A

(b) Determine the values of the parameters indi- will be approximately equal to those corresponding to pressure rani
cated for the selected surface of the barrier or cubicle the limiting values. The following are recommended sigred for th
configuration in (a) above and calculate the following procedures which will be applicable in most cases for effects if th(
quantities: either e::trapolation, or establishing the limits of im- on tie entij

pulse loads corresponding to values of the various response thy
h I L L parameter which exceed the limito of the charts: these cis,%

iH L' H' R 4 0' and ZA=IA/W' (a) Plot curve of values of lb versus ZA for suiting from
constant values of L/RA, L/H, h/H, and 1/L. Ex- which is higI

(c) Reffbr to figure 4-16 for the proper impulse trapolate curve to include value of t* corresponding to
charts conftrming to the number of adjacent reflecting the value of ZA required.
surfaces and the values of Il/L and h/H of (b) above, (b) Extrapolate given curve for constant values
and enter these charts to determine the value of u,. of ZA, L/H, h/H, ar.d l/L, to include value of ib corre-

(8) In most cases the above procedure wili require spanding to the value of L/RA required.
interpolation for one or more of the parameters which (c) Values of lb corresponding to values of LIH
define a given situation, in order to obtain the correct greater than 6 shall be taken as equal to those corre-
average impulse load. Examples of this interpolation sponding to L/H - 6 for actual values of Z4, 4/H,
procedure are given in appendix 4A. and 1/L but with a fictitious value of LIRA in which

(9) Because of the limitation in the range of the RA is the actual value and L is fictitious value equal to
test data and the limited number of values of the 6H.

parameters given in the above impulse charts, ex- (d) Values of lb corresponding to values of /1L
trapolation of the data given in figures 4-17 through less than 0.10 and greater than 0.75 shall be taken as
4-62 may be required for some of the parameters in- equal to those corresponding to 1lL-0.10 and 0.75,
volved. On the other hand, the limiting values as given respectively.

4-12
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(e) Values of f* coiTesponding to values of h/H and time dhaLaig, may be approximated by a fictitious

n01 lss than 0,15 and greater than 0.75 shall be taken am peaked triangular pressure pulse. The duration t. of

tO th( equal to those corresponding to hi1-0.0, and 0.75, this pulse is obtained from equation 4-1 and a fintious

ctivoly. respectively. peak pressure PI is established as a function of this
(10) As previously mentioned, a protective ele- duration aid thf, average blast impulse i, (figs. 4-17

subject ment subjected to the high-pressure range effects of an through 4--62) acting on the element.

sion nii explosion may be designed for the impulse rather than
for the prefsuve pulse only if the duration of the ap-press plied pressures acting on the entire element is short in P/

arisorm comparison to its response time. An estimate of this

ion ma duratioi may be obtained by adding the time incre- (12) The above solution for the average impulse

correst ments corresponding to the time required for the blast load does not account for increased blast effects pro-

to full wave to fully engulf the element and the duration of duced by contact charges. Therefore, if the values of

last l the blast load at the section of the element furthest the average impulse loads given in figures 4-17 through
removed from the explosion. This relationship is repre- 4-62 are to be applicable, a ieparatior. distance betweenr by: sented by: the element and explosive must be maintained. This
to = (tA )--()A+l.5(to), Equation 4-1 separation is measured between the surface of the

element and the surface of either the actual charge or

to- d where to = duration of load (ms) the spherical equivalent; whichever results in the larger
tim) P = time of arrival of the blast wave at the point normal distance between the element's surface and the

on the element furthett from the explosion; center of the explosive (the radius of a spherical TNT

defr defined by the largest slant distance. charge r=0.136W4/). For purposes of design, the fol-

=(tim WA)P =time of arrival of the blast wave at the point lowing separation distances are recommended for vari-
oon the element nearest to the explosion; de- ous charge weights:

fine, fined by the normal distance.

Pvdur (to)r=duration of the blast pressure at the point on
the the element furthest from the explosion. wig^ ofeptj,;e (Lb,) Sao* UIe, (A)

ne of a The time of arrival of the blast wave for the two points up to 500 1.0

rest a of interest as well as the duration of the lead at the 500 to 1.000 1.5

it point furthest point on the element are obtained from figure 1,001 to 2,000 2.0
2,001 to 3,000 .

4-5. To account for the increased load duration due to above 000 3.0ltipl e oquire the multiple reflections of the blast wave within the

the loads cubicle, the value of (4o)p has been increased by 50
which percent. (13) The above separation disiances do not apply

1)arts), (11) A. protective element subjected to the high- to floor slabs or other similar concrete eiements poured

e range ing to pressure range effects of an explosion may have to be de- on grade. However, a separation distance of at !east 1

For the ended signed for the pressure pulse rather than for the impulse foot should be maintained to minimize the size of

if es for effects if the duration of the applied pressures acting craters associated with contact explosions.
ete of im- on the entire element is long in comparisor. to the (14) It should be noted that these separation

entire arious response time of the element (t. less than 3t4). For distances do not necessarily conform to those specified

i t these cases, the actual pressure-time relationship re- by other government regulations; their uee in a par-
ZA for suiting from a pressure distribution on the element, ticular design must be approved by the cognizant

l . Ex- which is highly irregular due to the multiple reflections military construction agency.ling to

values
corre-

f L/H
corre-
h/H,
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qual to

of l/L
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d 0.75,
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figurv
b. Elterior or Leakage Pres8ure Loadinge. loads (pressures and impulse). Eventually these pres- src

(1) For cubicle-type structures where full venting sures will spill over. around, and, in the event of rapid
is provided through the frangible or open portion of collapse, through the structure to the surrounding area, cubic
the structure, the resulting blast wave exterior of the The exterior pressures will not initially have a d6flnite roof s
cubicle will be appreciably modified ss compared to an shock front but will, at some distance from the struc- Ana!3
unbarricaded detonation. As the blast wave propagates ture, shock-up with frontal pressures similar to those press
out from the center of the explosion, the shock front produced by a surface burst. The pressure-distance vary
will collide with the inte~rior surfaces of the structure. gradients away from the explosion will vary in all
These collisions will reflect and reinforce the initial directions, this variation being defined by the con- pared
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figuration (shape, openinga, etc.) of the protective surface burst for scale distances equal to or larger thanuration pres- structure containing the explosion. 10 (limit of test data). On the other hand, the pressures
ucture apid (2) A series of tests have been performed on adjacent to the open end of the cubicle were the same

(2) barea, cubicle-typo reinforced concrete structures where the as those previously indicated.
bile-ty finite roof and one wall of each cubicle were open or frangible. (6) The significance of the results of the later
Af and o truc- Analysis of the test results indicated that the leakage tests is that the primary factor affecting the pressure-

those pressures on the ground srrface outside th3 structure distance relationship of the pressures adjacent to the
assures tanes vary in all directions for any par.,icular scale distane,. open end of a cubicle is the presence of a back wall
ry i a 11 all (3) Figure 4-63 illustrates this variation as corn- and not the relative dimensions of the structure, while

(3) con- pared to an unconfined surface burst. Blast pressures the pressures in areas adjacent to the walls are affected
red to
pagatir propagating from the open end of the cubicle are by the stricture geometry.?her tha higher than those resulting from the unconfined aurface (7) It should be noted that the pressure-distancehrstwhi burst whereas all pressures exterior of the walls are relationships discussed above are valid only for theUal to, equal to, or less than, the unconfined surface burst structural arrangements and charge weights involved

pressures. The relationship between the pressure-dis- in the various tests. It is expected that for large charge
McsurMS tance curves for confined explosions to that of the weight to structure volume and large structure volume 7'

confine unconfined surface burst vary with the magnitude of to charge weight ratios, the pressure-distance relation-
the pressure. The difference between the curves is pro- ships in all directions from the structure will approach

a pnedsu nounced at a seule distance of 2 (limit of test data), that for an unconfined eurface explosion. Xn indication
unced k although the curves for a confined explosion begin to of this aspect may be seen from the results of mounded
hough merge with the unconfined surface burst curve at pres- magazine tests, particularly for the test involvingr-e level. sure levels of 1.0 psi and less. Except for the open end, 100,000 pounds of TNT. Here, the peak ground pres-re- leve. the leakage pressures in all directions from a cubicle sures in all directions from the igloo were slightly less
ý equal are equal to those of the unconfined surface burst for than the pressures produced by an unconfined explosion.

aure I pressure levels below approximately 0.5 psi In the case of the large structure volume to charge
(4) T (4) The prcssure-distance data of figure 4-63 is based ratio. the cubicle walls simulate barricades located some

on thos upon those tests involving cubicle structures where the distance from a confined explosion. Analysis of tests,o ho (Llength (L) to height (H) ratio of the back walls was has indicated that, except in the immediate vicinity ofoigh (/~approximately equal to 1.0 while the charge weight to the barricade, the pressures acting on the ground differ
proxime structure volume ratio varied between 0.2 and 2.0. only slightly from those of the unconfined explosion,
uctre The reflection (change iii wave propagation direction) (8) The blast wave parameters for the leakage

of the blast pressures cff the back wall and focusing pressure shock environment are obtained from figure
thes ) of these pressures by the side walls resulted in a shotgun 4-12 corresponding to the value of the peak incident
the effect which produced the larger pressures adjacent to pressare indicated in figure 4-63.

the open end. On the other hand, pressures acting on
Sothe ground in other areas around the structure were 4-11. Partially Vented Explosions

Sruce i reduced below those of an unconfined burst by the
iludi shielding afforded by the walls which focused the blast a. Interior Blast Loadings.

pressures upward resulting in an initial radial dispersion (1) When the openings in a cubicle-type structure

of the pressures at a higher altitude than would nor- are small compared to the total surface area, full

rilyally occur if the walls were not present. The degree venting of a contained explosion will not occur. The
of upward focusing is primarily a function of the height effect of the reduction of the venting areas from a fully-thr of the three walls and the distance between, ar-d length vented configuration is an increase in the interior pres-the of, the side walls. sures, impulse, and duration. In addition to the initial

the mi (5) In another test series, a reinforced concrete shock wave and its reflections, the accumulation of
cubicle structure with a back and two ride walls was gases from the explosion results in a pressure buildup,

bied tested with donor charges as large as 5,000 pounds. and since the venting area is limited, the duration ofted hih The height of all walls and the length of the side walls the pressure is prolonged.were approximately the same as those of the test (2) A typical pressure-time record at a point onstructures previously mentioned. However, the length the wall of a partially vented chamber is shown into height ratio of the back wall of this cubicle was at figure 4-64. The high peaks are the multiple reflectionsheight least two times that of the structures of previous teste. of the initial shock wave. The mean pressure, denoted
at two Because of the increased width of this structure, the as p,,, .has a long duration when compared to the

"pressure-distance relationship of pressures acting on duration of the shock wave pressures. The maxirmum
the ground surface in areas adjacent to the walls was mean pressure p., is used as the basis for design and

9fcrru significantly different from that indicated in figure 4-63, is a function of the charge weight, contained volumed f ' and wam in the order of magnitude of the unconfined of the chamber, arid venting area.
4-d9
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(4) Since no data is available concerning the the gas accumulation pressures, the strength of thet duration of these pressures, it is suggested that for individual eleme~ats of the structure must be equal to,
desi purposes of desigt, the pressures be assumed to have a or greater than, the pressure p.,, whereas the response

very long duration. and a constant magnitude insofar of the elements to the initial blast wave and it&, re-Shi tas the response of the structure is concerned. The total flections will be similar to the respomse of cubicles whered io impulse used in the design of such a cubicle is a combi- full venting is achieved,

nation of the contributions from the initial shock wave, b. Exteior or Leakage Pressure Loadings. No data

ins. its reflections, and the pressures caused by the gas is currently available for the determiuation of leakage
accumulations. Because of the long duration aspect of pressures from a partially vented explo~ion.

Section V. EXTERNAL BLAST LOADS ON STRUCTURES

Pner 4-12. General pressure, and a period in which the pressure drops

Ilye da. The bligt loading on a structure caused by a below ambient (negative pressure phase).
the high-explosive detonation is dependent upon several d. The rate of decay of¢he incident anud dyftawic
rathe Ifactors: (1) the magnitude of the explosion, (2) location pressures, after the passage of the shock front, is a
ntir of the detonation relative to the ground surface and function of the peak pressure and the size of the deto-

to the structure in qiestion, (3) the gecmetrical con- nation. For design purposes, the actual decay of the
toinidn presue maycur bn approximate by) the useera ofnte figuration of the structure, and (4) the structure orien- incident pressure may be approximated by the use of

I'll r es; tation with respect to the explosion and the ground an equivalent triangular pressure-time pulse. The actual
roce surface (above, flush with, or below the ground), duration of the positive pressure phase is replaced by air ce e of b Th pr c d r s p e e t d h r fo th d t rm - fictitious po sitive duration which i,3 expreased as a

the nation of the external blast loads on structures are function of the totil positive impulse and the peak
re ure restricted to rectangular structures and to structures pressure:

located with respect to the detonation so that the 2i
shock front is normal to the ground surface (plane T
wave).

s 4 . r A n nThe above relationship for the equivalent triangular
c4-13. Forces Acting on Structures pulse is applicable to the incident pressures as well as

a, The forces acting on a structure associated with a the reflected blast pressures; however, in the case of

the plane shock wave are dependent upon both the peak the latter, the value of the impulse used with equation
values and the pressure-time variation of the incident 4-3 is equivalent to that associated with the reflected

s of t and dynamic pressures acting in the free-field. The wave. The fictitious duration of the dynamic pressures

it ioa peak values of the free-field incident pressures for the may be assumed to be equal to that of the incident
several blast loading categories were treated previously, pressures.,b. For each pressure range there is a particle or e. Foadetermining the premure-time data for the

,ity wind velocity associated with the blast wave that negative phase, a similar procedure as used in the
yna

causes a d3 namic pressure on objects in the path of evalultion of the positive phase may be utilized. The

Ly f the wave. In the free fie!d, these dynamic pressures eq'iii•alent negative pressure-time curve will have a
are essentially functions of the air density and partirle time of rise equal to 0.125 4- whereas tle fictitious

estab velocity. For typical conditions, standard reiationships duration 4f- is given by the triangular equivalent puke

dthe have been established between the peak incident pres- equation.
sure P., and the peak dynamic pressure qo. The magni-

pe . tude of the peak dynamic pressure is wlely a function 2i-
ik ii of the peak incident pressure, and therefore, inde- po 7 Equatlon 4-4

the pendent of the size of the explosion. Figure 4-M6 gives
of urthe values of the peak dynamic pressure versus peak where i- and P- are the total impulse and peak pressure

incident pressuic. of the negative phase and L- is the actual negative
c. For design purposes, it is necessary to establish phase duration.

onresthe variation or decay of both the incident and dy- 4-14. Above.Groind Recangular Struc9'resnamic pressures with time since the trfects on a struc-
me ture subjected to a blast loading depend upon the a. General.int.tsity-time histary of the loading as well as on the (1) For any given set of freo-field iincident and4-2) peak intensity. The idealized form of the incident blast dynamic pressure pulses, the forces imparted to ana wave (fig. 4-2) is characterized by an abrupt rise in above-ground structure can be divided into three gen-pressure to a peak value, a period of decay to ambient eral components: (a) the force resulting from the inci-

., l= I
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dený pressure, (b) the force resulting from the dynamic 4-C) - The clearing time , required to relieve the re-
pressure, and (c) the reflected pressure resulting from flected pressures is represented as
the shock impinging upon an interfering surface. The
relative significance of each of these components is J, =- •quation 4-5
dependent upon the geometrical configuration and size U

of the structure and the orientation of the structure where U is the velocity of the shock front and 8 isrelative to the shock wave,.hr stevlct ftesokfotadSi
(2) The interaction ofhe e incidsnt blast wave equal to the height of the structure H, or oke-half its
(2 Th.neato fte nigtbatwv width W., whichever is smaller. The pressure P acting

with an object is a complicated process. To reduce tho ondthe W, whichever tismae. the pressure P acting
complex problem of blast to reasonable terms, it will on the front wall after time P is the algebaic sure of
be assumed here that: (a) the structure is generally the incident pressure P. and the drag pressure Cnq.
rectangular in shape, (b) the incident pressure of P=P.+CDq Equation 4-6
interest is in the order of 200 psi or less, and (c) the
object being loaded is in the region of the Mlath The drag coefficient 0D gives the relationship between Therefore,

refleclAon. the dynamic pressure and the total translational pres- be checke

b. Front Wall. sure in the direction of the wind produced by the is made by
(1) For a rectangular above-ground structure at dynamic pressure and varies with the Mach number as indicate

low pressure ranges, the variation of pressure with (or with the Reynold's number at low incident pres- pressure ii
time on the side facing the detonation is illustrated in sures) and the relative geometry of the structure. A depending
a, figure 4-"7. At the moment the inaidc, t shock front value of CA- 1 for the front wall is considered adequate duration t,
strikes the wall, the pressure is immediately raised for the pressure ranges considered in thiR manual. 24

from sero to the reflected pressurA P,, which is a func- (2) At higher pressure ranges, the above provledure 4=-
tion of the incident pressure and the angle of incidence may yield a fictitious pressure-time curve because of
between the shock front and the structure face (fig. the extremely short pressure pulse durations involved. where P,

Sduratons ino!-d -hre

-- --



A_______________ -,~' '," I

TM 5-1300/NAVFAC P-397/AFM 66.22
10 0,0 0P

50,000 z or
30,000

o ,. PSO+CDqo s Coc u

50100 /WHERE S=g
eI)

300M

0 tr t TIME tof

loo0 a) PLANE WAVE

500 a.

300

Pr(Avg I 1

LVW

w I

Po(Avg)4

Sve the reo- P- °( )(AVg) 4 q(Avg)

uation 4-5

t and S is 0 t,(Avg) tc tof(Avq)
ne-half its TIME

re P acting
.ic sun] of b) \ARYING WAVE FRONT
re CDq.
lUaion 4-6 Fire 4-647. Froma woaUlmding.

ip between Therefore, the pressure-tirae curve construction must Whichever curve gives the smallest value of the impulse

fore, ional pres- be checked to determine its accuracy. The comparison (area under curve), use that curve in calculating the
ecke ed by the is made by constructing a second curve (dotted triangle wall loading. The redected pressure impulse includes
e b h number as indicated in a, figure 4-67), using the total reflected the effects of both the incident and dynamic pressures.

lie idert pres- prmsure impulse i, from either figure 4-5 or 4-12, (3) The prentue-time curve (a, fig. 47) asmunes
ire ructure. A depending upon the shock environment. The fictitious that the shock front of ýhe blast wave is essentially
ding adequate duration t, of the reflected wave is caleulWated from parallel to the front surface of the structure (plane
i t anual. 2i, wave shock front). In those cami where the detonation

eprocedure t,=-•, Iluaon 4-7 is leasted relatively close to the structure, the preaure
becauee of and impulse patterns acting ascrose the wall surface

involved, where P, is the peak reflected pressure previously used. will vary. In these cases an average pressure-time curve
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(b, fig. 4-67) may be constructed using average values
of the loading acting over a langth D, of the structure length-span ratio The pressure builds up linearly
where D. is equal to U.3RA (RA is the normal distance

between the detonation and the front surface of the from the time if when the biast wave reaches t.he
structure) but not greater than 2S. In this solution beginning of the element (point f) to time ta when the
both the pressures and the duration are average values blast wave reaches point d. The peak value P. of the
of the loading acting on the wall between points I pressure is the sum of the contributions of the equiva-
and 2. lent incident and drag pressures.

(4) As in the case of the plane wave front, the
calculations for the average loading on the front wall P.-C.Pb+C1,q. Equuuon 4-.
subjected to a varying shock wave front must consider where P.6 is the peak overpresaure occurring at point b
the effect of extremely short pressure pulses. Here the and q.6 corresponds to the value of CoP... Following
values of P, and 4, are taken as average values of the the peak, the pressure decays linearly to zero at time
loading acting between points 1 and 2. 4l+4/ where 4 is the time at which the blast wave

(5) In both the plane wave and varying wave reaches the end of the element (point b) and t, is the
front solutions, the height of the triple point (fig. 4-9) fictitious duration of the positive phase. The negative
of the shock wave in an air burst shock environment phase of the equivalent uniform loading, if required,
is assumed to be above the top of the wall. may conservatively be taken as that occurring at

c. Roof and Side Wa01s. point b.
(1) As the shock front traverses a structure, a (4) The drag coefficient CD for the roof and side

pressure is imparted to the roof slab and side walls walls is a function of the peak dynamic pressure.
equal to the incident pressure at a given time at any Recommended values are as follows:
specified point reduced by a negative drag pressure,
The portion of the surface loaded at a particular time
is dependent upon the location of the shock front and p d plo, Dg eoDd,,:

the wave lengths (Lu and LW-) of the positive and G-25 psi- --- -------------------------- -0.40
negative pulses. 2-5o psi ------------------------------ -0.30

(2) To determine accurately the overall loading J0- ----------------------------------------- 0.20
on a surface where the span direction is parpendicular
t' the shock front, a step-by-step analysis of the wave (5) If the span direction of the member is parallel
propagation should be made. This analysis would in- to the shock front, the pressure-time curve shown in C
elude a simultaneous dynamic analysis of the stresses figure 4-70 should be used where L is the width of the
produced in the element at any given time. To simplify strip or element being considered.
this procedure, an approximate method of calculating d. Rear Wall.
the pressuro-time history has been developed where (1) AM the shock front moves past the rear edges
the actual loading on the surface has been replaced of the roolt and/or side walls, the pressure front will
by an equivalent uniform loading, which will produce expand forming secondary waves which propagate over
stresses in the element similar to those produced by the rear wall. In the case of long buildings, this see-
the actual loading as the blast wave crosses the surface. ondary wave enveloping the back wall essentially re-
For this analysiE, to be va!Wd, it is assumed that the suits from the spillover from the roof, while in short
reinforcement on both faces is continuous across the buildings the wall loads arise from the interaction of the
span length. spillover both from the roof and the side walis. In

(3) The peak value of the incident pressure decays both cases, the secondary waves are reinforced due to
and the wave length increases as the shock wave tra- their impingement with reflecting surfaces. The rein-
verses the roof. As illustrated in a, figure 4-68. the forcement of the spillover wave from the roof is pro-
maximum atress in the member occurs when the shock duced by its reflection from the ground surface at the
front is at point d although the point of maximum base of the rear wall, whereas the reinforcement of the
stres is located elsewhere. The equivalent uniform secondary waves from the side walls is produced by
loading versus time is shown in b, figure 4-68 and, their collision near the center of the wall and/or their a procedure
to simplify the calculations, has heen taken as a function interaction with the wave from the roof. Little infer- the wall is
of the blast wave parameters at pIint b, the back end mation is presently available on the overall effects on method utili
of the element being considered. The equivalent load the rear wall loading produced by the reflections of the roof and sic

secondary waves. pressure-timi
D (2 ) In most design cases, the primary reason for the peak pi

factor Cs and the blait wave location ratio -L ar ob- determining the blast loads acting on the rear wall is (point e on
to determine the overall drag effects (both front and slab. The ei

trained from figure 4--69 as a function of the wave rear wall loadings) on the building. For this purpose, wave length
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rid side r their a procedure may be used where the blast loading on supported length of the rear wall as are the time of
re-time infor- the wall is calculated using the equivalent unifoim rise and duration.

ck p ts on methoct utilized for computing the blast loads on the (3) Like the roof and side walls, the blast loads
e on a of the roof and side walls. Here the peak pressure of the acting on the rear wall are a function of the drag
'he oq premure-time curve (b, fig. 4-71) is calculated using pressures in addition to the incident pressures. The

length n for the peak pressure that would occur at distance H. dynamic preume of the drag corresponds to that
wall is (point e on a, fig. 4-71) pat the rear edge of the roof asocited with the equivalent pr , while the
nt and slab. The equivalent load factor Cm is based on the recommended drag coefficients are the same as used

wave length of the peak pressure above and the un- for the roof and side walls.
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Figure 4-70. Roof and aide wall loading (span dirsdion parallel to shock fronm).

4l

443



i l' . . . ... .

TM 5-1300/NAVFAC P.39?/AFM 88-22

4-15. 0.

When a sti/• SHCK FONTleakage of t

,,SHOCK FRONT structure o(

'I e

L

a) SECTION THROUGH STRUCTURE •

I

w I

LL

w wLL

t U) .L&

""-_ ~FP 6 ..."--* - -... -.. .. .-! ;- --.-- a

ww

t + $0

tb Vb td
TIME -

4
,~ jb) AVERAGE PRESSURE - TIME VAR114TION

3 14

Figure 4-71. Raw wyU Loading.

SI il i l l Ili I• lI . ,*1 . . . - " • r=I - I i - =m " I II l Jl ! I I I l ! H | l'



**NO
Section VI. PRESSURE INCREASE WITHIN A STRUCTURE

Gen 4-15S. General ences an increase in its ambient pressure in a time that
is a function of thc structure volume, area of openings,W

at qtru( When at structure is enveloped in a blast wave, a and applied exterior pressure and duration'. Since per-

Of t~w leakage of the pressures through any openings in the sonnel exhibit a tolerance limit to such pressure in- 14

re OCNI structure occurs. The interior of the structure experi- creasec, a method of determining the average pressure
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insde the structure is needed. It should be noted that c. The interior pressure-tivie curve is calculated as pula

the interior presures immediately adjacent to the follows: corn
openings will be higher than the average pressuie. (1) Determine the pressure-time history of the

applied blast pressures P acting on the surface sur- may
4-16. Mahod of Calculation rounding the opening as presented in section V of this 4-1

a. The following treatment is applicable for struc- chapter.
turei with small area-volume ratios and applied blast (2) Divide the duration t, of the applied bi regsure a.
pressures of less than 150 pi. into equal intervals (AN), each iuteral being approxi-

b. The change in presure AP, inside the structure tur4
within a time interval At is a function of the premure mately1 to -' and determine the pressures at the end
difference at the openings P--P, and the area-volume 2usu

of each interval. of tt
At (3) For each time interval, compute the pressureratio differential P-Pi, determine the corresponding value impbbe I

of CL from figure 4--72, and calculate APi from equation the.
(A)A. of .i

APi=CL - At EqLlaion 4-9 4-7 using the proper values of A and at. Add AP, to to, (
V. sing]

where CL is the leakage pressure coefficient and a P, for the interval being considered to obtain the new of d
function of the prembure difference P-P, value of P, for the next interval, the,
and P - applied pressure to the exterior of the (4) Repeat for each interval using the proper time

structure values of P and Pi. Note that when P-Pi becomes tion
P, - interior pressure negative during the aradysis, the value of CL must be

APi - interior pressure increment taken as negative also. men
A. - area of openings The above procedure is most easily accomplished by age
V. - volume of structure using a tabular arrangement for the computations, an expli
At - time increment illustrative example of which is presented in appendix foreo

Figure 4-72 shows the variation of CL versus P- Pi. 4A. conl
simu
is e(

Seclion VII. MULTIPLE EXPLOSIONS (tim
then

4-17. Gneral have merged, the pressures asiociated with the common can
a. When two or more explosions of similar material or merged wave will have a pressure-time relationhip load

occur several milliseconds apart, the blat wave of the which is similar to that produced by a single explosion if tf
initial explosion will propagate ahead of the waves (fig. 4-8). However, at closer distances to the explosion, grea
resulting from the subsequent expiosions, with the the pressure-time relationship will be more closely prest
phasing of the propagation of these latter waves being represented by a pressure-time curve with multiple prox
governed by the initiation time and orientation of the peak pressures (similar to that occurring above the pulsl
individual explosives. If the time delay between explo- triple point (fig. 4-8)). The multiple peak pressures cons
sions is not too large, the blast waves produced by the represent the interaction as the various waves reach are r
subsequent explosions will eventually overtake and the point in question. At distances even closer to the may
merge with that of the initial detonation. The distnoe exploeion, the time history of the pressures acting on ir m
from the explosion at which this merger occurs will the ground surface may consist uf a series of completely and
depend on: (1) the magnitude of the individual expb)- separate blast loads. This loading condition is a result and
sions, (2) the time delays betweet, the initiation of of the arrival of the subsequent blast waves at a par- the! explosions, (3) the separation distance between and ticular point during or after the occurrence of the load:orientation of the explosives, and (4) obstructions be- negative phase pressures produced by the initial wave dura
t t explosins( the msepar s an dihstapc s rubtwe na artd tiuohat pointd or n

between the explosives and other parts of the facility c. The latter pressure-time relationship is probably the
(buildings, walls, barricades, terrain, etc.) which wi!1 most likely to occur at the high-pressure range while grou
distort, hinder, and generally interfere with wave props- the multiple peak presure pulse is normally associated

7 gation. with the intermediate-pressure range. However, in extl.h
b.The M preure-time relationships associated with many instance, the multiple peak pressure pulse wiul inter

the wave propagation will d~pemd upon the interaction occur at high pressures, in particular whee the indi- twee
9 f the individual waves themselves. After all the waves vidual explosives are positioned close together, e.g., biaA

""Irt ,4.. . .... • . . : a, ,. ...... . ,
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a u ein a cubicle or other storage facilities. The pressure in question, (c) time required for the blast waves to
e is calculated as pulse associated with the merged shook wave is usually fully engulf the element, and (d) the load duration at

mmol e history ocommon to the low-pressure range but in some instances points on the element furthest from the individual
ots fa e may occur at the lower pressure levels of the inter- explosions which should be increased by 50 percent in

ediate- the Vrfa tis mediate-pressure range. the calculations to account for the occurrence of multi-
section V of thisHih-P su Range ple reflections of the blast pressures. Because of the

a8. Pa appliedpressure. P U eW many variables involved, a relationship cannot be given
a. P e ppled pessre . Patial~ ot~lnedu~ Vei~edExposinsto obtain the duration of the blast loads due to multiple

(1) al being approxi- (1) The blast pressures and impulse loads, acting explosions. Each situation will require a series of compu-

Lvario on various elements of cubicle or other similar struc-

res, w' ures at the end tures, which are produced by multiple explosions, will tations involving the time increments outlined above.
b. Partially Co fined-PartiaUy Vented Explosons.

usually dil~er from those produed by a single explosion The initial portion of the interior blast loads produced
the s of the same amount of explosives. by multiple explosions in a partially vented chamber

(2) pute the pressure (2) Although the magnitude of the total combined may be estimated by assuming their magnitude to be
kpleIiplepoue ythe multiple explosions will usually myb siae yasmn hi antd oblarge rreponding value belargeimpulse produced by the single explosion , equal to those produced by similar explosions in fullypPus rronqi n be larger than that produced by the single explosion, vented structures. In addition to the initial blast wave

e da the damage to a protective element due to the impulse and its reflections, the pressures produced by the release

the m d at. Add A to of the multiple detonation may be either greater, equal of the gaseous products of the multi-explosions is re-
or I to, or less than that produced by the impulse of the quired to fully define the blast pressure environment

igle ex single explosion. For a given total impulse, the degree within the chamber. An approximation of the value of
dam obtain the new of damage to a protective element will be defined by the maximum mean pressure p,. may be obtained by

e dura the duration of the entire load relative to the response averaging upper and lower limits of the gas-pressure
tie of .sing the proper time of the element (time to reach maximum deflec- buildup. An upper limit of p. is obtained by considering
)).the individual explosives as being detonated separately

(3) e of CL must be (3) A minimum amount of theoretical and experi- the nndiridualyexplosiveseasnbeingudetonated sepat,
ontal d mental data is available concerning the degree of dam- and numerically summing the individual values of p.

produced by the separate explosions. The lower limit
,e st accomplished by age sustained by structural elements due to multiple of p,. is determined by considering the explosion to be
plosio computations, an explosions. However, results of response tests of rein- produced by a single explosive whose weight is equal to
red c nted in appendix forced concrete slabe have indicated that if the total the combined weights of the individual charges. The
nibine combined duration of the blast loads produced by values of p,, for both the individual and combined
nultan simultaneously or near simultaneously exploded charges
equal is equal to or less than one-third the response time
ime o (time to reach maximum deflection) of tha element, 4-19. Intermediate- and Low-P i.ure Ranges
er the then the total combined impulse acting on the element a. As previously mentioned, the blast loads, produced
n be ith the common can be estimated by numerically adding the impulse by multiple explosions, acting on structures located at
Ud p ime relationship loads produced by the individual explosions. However, the intermediate-pressure range may consist of a series
the single explosion if the total combined duration of the blast loads is of separate pressurs pulses rather than a single pulse
eater to the explosion, greater than one-third the response time, the actual blast load. However, the multiple pressure-pulm loading
essure- more closely pressure-time relationship of the combined loads ap- is usually associated with weights of explosives which
oxima e with multiple proximated by a fictitious peaked triangular pressure are very small (several pounds) and, therefore, will not

rlse (si mng above the pulse (similar to that of a single explosion) should be be the usual design situation. For large charge weights,
naider peak pressures considered. The blast loads produced by charges that however, the single pressure pulse loading with multiple
e not s us waves reach are not simultaneously or near simultaneously exploded peak pressurea will occur. At the present time no specific

oay be n closer to the may be considered as two or more impulse loads, two method has been devised which will enable one to
more ures acting on or more pressure-time loads, or a combination of impulse evaluate this type of blast loading. In the interim, it
Spr es of comp!etely and pressure-time loads depending on the time delay is suggested that the multiple peak pressure type
Sthe tion is a result and the duration of the individual loads compared to loading be replaced by the pressure-pulse which is

e res waves at a par- the response time of the element. A load or group of associated with the merged shock wave. The parameterb
d urrence of the loads should be treated as an impulse load if the of this shook wave and corresponding pressures are

ration the initial wave duration (one load or the combined duration of two determined assuming a single explosion, the explosive
more or more loads) of the loading is lase than one.third weight of which is equal to the combined weight of the

0 time hip is probably the time interval between the onset of the load or individual charges.
1up of re range while isToup of loads and the response time of the memhear. b. Becamuse the individual blast waves produced by

(4) ally associated (4) The duration of the blat loads due to multiple multiple explosions will merge either at the low-pressure
Plosi . However, in explosions may be approximated by considering the levels of the intermediate-premsure range or at the low-

ee ure pulse will interilatlor.•,hp between (a) the tima intervals be- pressure range, the determination of the blast loads on
'en i where the indi- tween individual explosions, (b) asrival times of the protective structures will be similar to that described
Wt wa together, e.g., blast waves of the individual explosions at the element %bove--a single explosion is considered.

4 --
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Section VIII. PRIMARY FRAGMENTS

4-20. General b. Figure 4-73 shows the variation of v./(2E')"'/

a. The explosion of a cased donor charge results in versus the charge weight W for various container

the formation of primary fragments which are produced weights W.. A maximum initial fragment velocity is

by the shattering of the explosive container. The con- obtained when the ratio of the container weight to the

tamner may be the casing of conventional munitions, explosive weight (We/W) approaches zero. Therefore,

the kettles, hoppers, and other metal containers used the maximum initial velocity of primary fragments

in the manufacture of explosives, metal housing of depends solely upon the Gurney Energy Constant and

rocket engines, etc. is given by:
b. Primary fragments are characterized by very high vo.f- 1.414 (2E') If'I luetion 4-11

initial velocities (in the order of thousand& of feet per
second), a large number of fragments, and relatively
small sizes in comparison to concrete fragments formed 4-22. Number and Weight of Fragments (Ex-
due to partial failure or total colla!se of protective plosives with Cyclindrical Containers)
elements. The initial velocity and site of the fragments a. The explosion of a cased charge will produce a
is a function of the thickness of the metal container, comparativel3 large number of primary fragments with
the shape of the explosive as a whole (spherical, cy- varying weights. However, only the larger fragments
lindrical, prismatic) and the sections of the container are usually of concern in the design of a protective
(ends, middle, etc.) from which the fragments are system since they may have the momentum necessary
formed. to perforate a barrier and/or cause propagation of

c. When an explosion is located close to an object explosions.
(acceptor explosive, barrier, etc.), the velocity v. at b. The fragmentation pattern and the weight of the
which a fragment strikes the object in approximately largest fragment, resulting from the high-order deto-
equal to the initial velocity vo. However, if the deto- nation of an evenly distributed explosive in a cylindrical
nation is located at a relatively large distance from the metal case of uniform thickness, were calculated ac-
object, then the impact or striking velocity of the cording to relationship& developed on the basis of theo-
fragment may be substantially less than its velocity retical considerations and cenfirmed with a large num-
immediately after the explosion. This variation in ve- ber of tests. The number of fragments produced is
locities, which is primarily a result of air resistance, is given by:
also a function of the physical properties of the casing liWt W/m"
and the distance between the donor explosive and In N, -In I- M Equation 4-12
object. I MA

4-21. Initial Fragment Velocities (Explosives where N1 - the number of fragments larger than W,
with Cycllndrical Containers) W, - weight of primary fragmentW. - total weight of the cylindrical portion of

a. Although only a minimum amount of work has the metal easing
been performed to date pertaining to the determination and the fragment distribution parameter MA is defined
of initial velocities of large fragments, some work has by the equation
been accomplished which permits the evaluation of the
initial velocities of relatively small fragments (several MA, B 8,,16d,,l/ '+L lEquagton 4-13
ounces). A relationship has been developed for a charge dJ
which consists of an evenly distributed explosive in a
cylindrical metal case of uniform thickness. The initial where t - thickness of the metal casing
velocity v. (ft/sec) is described in terms of the type of d- inside diameter of the casing
explosive, the amount of explosive W (lb.), and the B constant depending upon the explosive and
weight of the cylindrical portion of the metal casing casing material (table 4-2)
W. (Ibs) as follows: Th agsIragmient produced by ani explosion can be

7 found by setting N - 1, so that In N, -0 in equation

V'- (2E')'/' -/E ,quotien 4-10 4-12. Thus the weight of the largest fragment is given
£ +W/2WJ by

where (2E')'1J is the Gurney Energy Constant which W "8W.1
was developed from empirical data for various explosiveIn LM ] Iulen 4-14
materials contained in mild steel casings. Values of the
Gurney Energy Contant for several different explo- The symbol In in equations 4-12 and 4-14 refers to the

sives are listed in table 4-3. natural logarithmic function.I
-~4-"
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4-23. Initial Frogmeni Velocities (Noncylin- estimated by using the average cross-sectional dimen-
doical Containers) sions.

a. By extension of the methods used to predict the 42.Nme n egto rgwf Nn
initial velocities'of small fragments from long cylindrical 42.Nme h egto rget Na
oharges, expressions have been developed which permit cdnrclCnans
the evaluation of the initial '7,elocities of fragments Information is not presently availabie which permits

from other simple combinations ýof meta~l and expboives. the evaluation of the number and weight of fragmentsIThe expressions for the shapes considere(! are listed in from charges other than those having a cylindrical
table 4-3. Expressions axe alsc listect in table 4--3 for cross-section.
the maximum initial fragment velocity which resultS 42.VraIno rgetVlct it )s
when the ratio of the container (or plate) weight to 42.Vraino rgetVlct ihDs..1the explosive weight (W,/W) approaches zero. tance

b. The shapes considered ill table 4-3 are assumed a. As previously mentioned, the velocity of a frag-
to have an evenly distributed explosive and also a ment will decrease from its initial velocity with in-
uniform container (casing) or plate thickness. Hlowever, creasing distance. However, where the protective bar-
for those cases where the shape is slifrhtly nonuniform, riers are located 20 feet or less from a detonation, the
the initial velocity of the resulting fragments may be variation between striking and initial velocities usually

may be neglected. On the other hand, for determining
Tabl ~-. Coajagt, forPrcari Fraw~e~ ~the effects of primary fragment impact on structures

_______ ~ ~ Gune Energy___ _____ ___ further away from a detonation, the variation of frag-

ftgpluivec material B~#~ ment veloc-ity with distance should be included in the
___________ ______ _____ design An estimate of this change in velocity with

distance can be made using:
Amstol----------------------- ------------ 0.35
COMP. B------------------------ 7880 ------- V.=V,,eH-o."R1IWI"'iEutn41
H-6---------------------------- 7710------------Eu~n41
Hsxhnite ----------------------- ------------ 0.32 weev h tiigvlct
Pentolite--------------------- _ 7550------- weev-thsringelcy
RDx/TN~r (75/25)---------- 79M - --------- o = the initinl fragment velocity
RDX/TNT (70/30)-------------8380 ------ RI= the distance traveled by the fragment
RDX/TNT (60/40) ---------------- 880 0.27 Wfl = weight of primary fragment
TNT ----------- --------------- 6940 0.-30 b, Th&e above relationmhip is applicable for small
Tetryl ----------------- ----------- 7460 0.24 fragments up to several oun~ce~s in weight. No data is
Torpex------------------------ 740-------------- presently available for larger fragments. Figure 4-74

shows the variation of the ratio v./v. versus the primary
Note. The abovie cotistante are for mild steel cylindrical containers of unif orm, rgetwih ,fo aiu itne ,

thickess. famn egt 1frvros.itne

I1'77'ý :i
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Tabwe 4-8.'. 'W" a Ve of /" o Prim a"n Pva me

Typ Crleotwcoo shape IWSWi5) hr'wneat V11OcityY,, P-,,imuee

W WI

Cylinder -V, I i/IN? V'2, See paragraph 4-

WI
W w__ "- 1'S

CI WWe

weW

_ If the steel core
... N/2 I for the initial

Steel cored .2,'• - - .• ký (--

cylinder E + a(3+o)W (3+a)

'C (1aW where W-. is t

d.
where a - 1.6d'

Ce 3W Thib expression i
i-W. having the am.

Plate 5W. i ] N/-3 in free air and4W• / resulting rnotix

• W

CAIR
Although an eri

an upper limil
Hollow . .for a solid cyl

cylinder The ratio of ti

W cylindrical cha

if W
W ]v2 This expresioon

plates having
W entire system j
3W+ d+ 0 -g+1) to its surface i

SaWZh 1 (
1  

plane of the pl

W+2Sandwich where g- --- •
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-4. Ini" Velocity of IPimary FWmew_ _

4-21 vi' /2 See paragraph 4-21.

If the steel core is many times more masilve than the explooive, this expression
,e' 1 for the initial velocity should be medified by multiplying it by the expremlon:

Ll -fel ( a)02W* SW
where W.. Is the weight of the steel core (]bs.).

s the

- This expression applies for a rectangulax explosive in contact with a metal plate
having the same ourface area. It in ahaumod that the entire system is suspended

11/App -, V3 in free air and its thickness in small in comparison to ita surface am so that the
id iresulting motions am essentially norhal to the plane of Che plate.

,tions-___________________

Although an expression to predict the velocity of fragments is not available,
sgn upper limit of the initial velocity may be obtained using the expremion

-- for a solid cylinder and a lower limit from the expression for a single plate.
The ratio of the explosive weight to the casing weight (WIW.) of tho hollow

ýylind cylindrical charge is used in both expressions.
the

bag

This oxpression applies for a rectangular explosive sandwiched between two metal
plsý,es having the same surface area &a the explosive. It is assumed that the
entire yLtem is suspended in free air and its thicknem is small in comp•rson

g e to its surface area so that the resulting motions are essentially normal to the
plane of the plates,

e are5
Pla
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APPENDIX 4A, EXPLOSIVE EFFECTS -

%LLUSTRATIVE EXANPLES

PROBLEM 4A-l, FREE-AIR BURST

PPObZo: Determine incident and reflected blast wave parameters on the

roof of a structure for a free-air burst*

Pmoacdwrs:

Step 1. Select several points of interest on the roof relative to the
charge. Determine the charge weliht, height of burst Hc , and
several ground distances R..

Step 2. Apply a 20Z safety factor to the charge weight.

"Step 3. For each point, calculate slant distance R, scaled slant din-
tance Z, and angle of incidence a

RGI 6- tanc-
c

Step 4. Determine incident blast wave parameters from figure 4-5 for

corresponding scaled slant distance Z :

For each point read:

Peak positive incident pressure Pso

Shock front velocity U

Scaled unit positive incident impulse i 4 /WVV

Scaled positive phase duration to/ ;V

Scaled arrival time tA/W3

Multiply scaled values by W"Sto obtain absolute values.

.... ..
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Step 5. Determint peak reflectel pressure Pr on the structure's roof

for corresponding peak incident pressure P and angle of
incidence a from figure 4-6: so

re on the For each point, read reflected pressure coefficient C ra

Pr C rm Pso

e to the Step 6. Determine unit positive reflected impulse ir from figure 4-5

Hc, and for corresponding peak reflected pressure Pt :

For each point, read scaled unit positive reflected impulse

irlW"
1/

lant die- Multiply scaled value by W',/ to obtain absolute value.

EXAMPLE 4A-1. FREE-AIR BURST

Required: Incident blast wave parameters Ps0 9 U, is, to, tA and

reflected blast wave parameters Pr' ir at several points on a

structure's roof below an air burst of 290 lbs at a height of burst
of 30 ft above the roof.

Solution:

4-5 for Step 1. Given: Charge weight - 290 lbs, Hc - 30 ft, R " 20 ft,
c G2

RG3 -45 ft.

Step 2. W 1.20 (290) 350 lbs.
wz3300

Figure 4A-1

4-F__42.
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Step 3. For point 3t stop 7,-

f3 Rn -VR3 2 + He2 * ,(452 + 302 .54.1 it

3 4 7.67 ft/lbV'z3 WVN (350)113

01 tan-'~ J tan-' 3~ 6.30

Step 4. Determine incident blast wave parameters from figure 4-5 for

z - 7.67 ft/lb0

P - 10.3 psi
so

U - 1.48 ft/ms
is

S7.7 psi-ms/lbvs 1. i 7.7 (350)"1/ 54.3 psi-me -
* ~~WI/3  Fi

t
0 - 1.70 ms/lb'15  ** to 1. 70 ( 3 5 0 )1^ - 12.0 mes -

1

tA 2
- - 3.15 me/lbl .t 3.15 (330)1"5- 22.2 ma'IWI/S A-

Step 5. Determine reflected pressure on the roof from figure 4-6

for P6 e s 10.3 psi and a w 56.30:

C -2.65

Pr " Cra P50 s 2.65 (10.3) a 27.3 psi

Step 6. Determine reflected pressuze Impulse from figure 4-5.

for Pr M 27.3 psi:II
r - 19..ý psi.-me/lb's .'.r - 19.5 (350)1/3- 137.5 psL-a.

4-M0

"-t" -- - A rt,

_ _ _. . . ......... . ...... . . . .. L . :



Step ?,Repeat step. 3 through 6 for points 1 and 2. The results are
~4 R shown as follovas

Point Rr %~ R z

(ft) (ft) (f t) (f t/ill" (dog)

1 0 30 30 4.26 0I
2 20 30 36.1 5.12 33.7

3 45 30, 54.1 1_7.67 156.3

PonPoint P s U i a/WWVI t 0/WV t0

(pal) (ft/ma) (pai-tme/llJ) (psi-ma) (nw/lb'1) (MS)

1 40.A 2.15 12,5 88.1 0.86 6.063
12 26.0 1.87 11.0 77.6 1.13 7.97
23 101.1 1,48 7.7 54.3 1.70 12.0

3 a -

t /WWI t C P 11/W'1  1 PointA A ra r r r

(US/119' (ins) (psi) (psi-ms/ib"") (psi-me)

1.07 7,54 3,75 150 43.0 303 1

1.54 10. 3.00 78.0 33.5 236 2

3.15 22.0 2,65 27.3 19.5 137.5 3

NEW 7)



PROBLE• 4A-2. AIR NUST

j Pmoblem: Determine free-field blast wave parameters at a point on the
ground for an air burst.

Procefure:

Step 1. Select point of interest on the ground relative to the charge,
Determine the charge weight, height of burst %•, and $round
distance RG.

Stop 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate slant: distunce R, scaled slant distance Z. and
angle of incidence a

RZ" R

WI/I

a tan-, R

C

Step 4. Determine peak froe-air incident pressure Psoa scaled posi-

tive phase duration to/W'I and scaled arrival tise ta/WO/I

from figure 4-5 for value of Z.

Multiply scaled values by W'to obtain absolute vaiues.

Stop 5. Determine peak incident pressure P so in the Mach front freom

figure 4-6 for corresponding free-air pressure P5 0 (inci4ent)
and angle of incidence a :

Read reflected pressure coefficient Cre

P - C P (free-air incident)

Step 6. Determine shock front velocity U and scaled unit positive

tncident impulme 1s/Wfron figure 4-5 for ccorreeponding peek

incident pressure P1s in the Mach front.f� Multiply scaled value of W8" to obtain absolute value.

gI
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EXAMPLE 4A-2. AIR BURST

it the Requirod: Free-field blast wave parameters P not U, £ a t* 0 for an
air burst of 20,800 lbs at a ground distance of 550 ft and a height
of burst of 90 ft.

nd Step 1. Given: Charge weight - 20,800 lb, R C, 550 fto 1IC RO 90 ft.
S

Step 2. W 1.20 (20,800) a 25,000 lbs.

s/u Figure 4A-2

Stop 3. For point of interest:

fran Rw -ý2R + H -RO (550)2+90 557 ft
act)

ZOR L. OR, 55 On 19.0 ft/lb'1'

a tau4[l n-tan -l 10.8.70

peek

441I
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Step 4. Determine free-air Incident pressure, duration, and arrival Step 3.

time froei figure 4-5 for Z - 19.0 ft/lbV.

Pso (incident) - 2.40 psi

to 2.8 ms/lb'1/ .%to = 2.8 (25,000)'" - 82 as Step 4,

WI'S

tA
12.0 ms/lb'1/3 =t 12.0 (25,000)'/- 352 msWI/S "C

Step 5. Determine incident pressure P5s in the Nach front from
figure 4-6 for Pso (free-air incident) 2.40 psi and a 80.70:

S"1.43

P60 s Cre Pso (free-air incident) - 1.43(2.40) a 3.43 psi

Step 6. Determine other parameters from figure 4-5 corresponding toP so "3.43 paie

U - 1.22 ft/ms
i

-s - 4.4 psi-ms/lb'/ .. is - 4.4 (25,000)'I'= 129 psi-ms Requ.su

WI', surf
Soluti

PROBLEM 4A-3. SURFACE BURST Step 2

Problem: Determine free-field blast wave parameters for a surface Step 2
burst.

Prooedure: Step 3

Step 1. Select point of interest on the ground relative to the charge.
Determine the charge weight, and ground distance RG

Step 2. Apply a 20% safety factor to the charge weight.

442
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Step 3. Calculate scaled ground distance Z G:

4.ZG - •3

Step 4. Determine free-field blast wave parameters from figure 4-12

for corresponding scaled ground distance Z

Read:

Peak positive incident pressure Pso

Shock front velocity U

Scaled unit positive incident lIupulse tI /W,

Scaled positive phase duration t /W"S
0

Scaled arrival time t A/W' 1/

Multiply scaled values by W'13 to obtain absolute values.

ired EXAMPLE 4A-36 SURFACE BURST

rfac Required: Free-field blast wave parameters Po0. U, isa, t' tA for a

tion surface burst of 20,800 lbs at a distance of 530 ft.

1. Solution:

2. Step 1. Given% Charge weight - 20,800 lbs, RG - 530 ft.

Step 2. W - 1.20 (20,800) * 25,000 lbs.

3.
Step 3. For point of interests

Z "C 530 18.1 ft/lb'/

IA",s (25,000)"/5

V_ T
Oak- I

Iii- --
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Step 4. Determine blast wave parameters from figure 4-12 for

ZG * 18.1 ft/lb'/,1

P - 3.50 psi
so

U - 1.24 ft/ms

i
-- a 5.55 psims/b l.-., M 5.55(25,000t%. 162.3 psi-ms

t
-2 - 3.22 ms/lb'"1 .'.to W 3.22(25,000)'/3- 94.2 ms
WI'S

l tA
WA/S - 10.6 ms/1lb" 3 .*'A - 10.6(25,000)'/1- 310 ms

PROBLEM 4A-4, LEAKAGE PRESSURES

• PrPoblem: Determine free-field blast wave parameters at a distance from

* a partially confined, fully vented explosion.

Prooodure:

Step 1. Select point of interest on the ground relative to the charge.
Determine the charge weight, ground distance RG, and direction

relative to cubicle (direction A,B,C, or D as shown in figure
4-63).

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate scaled ground distance ZGI

z RG

Step 4. Determine peak incident pressure P5o from figure 4-63 for

corresponding scaled distance Z0  and direction of interest.

L !.
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Step 5. Determine free-field blast wave parameters from figure 4-12
for corresponding peak incident pressure P .so

Read:

Shock front velocity U

Scaled unit positive incident impulse i /WI/s

.3 psi-ms Scaled positive phase duration t 0/W1/

Scaled arrival time t A/WI/

Ms Multiply scaled values by W"/sto obtain absolute values.

EXAMPLE 4A-4. LEAKAGE PRESSURES

Required: Free-field blast wave parameters PBoo U, is, to, tA for a

partially zonfined explosion of• 20,800 lbs at a distance of 400 ft
behind the back wall of a three wall cubicle. The cubicle is fully

L W;
ance from vented, i - 1 for the backwall and H - 1.5.

Solution:

e charge. Step 1. Given: Charge weight - 20,800 lbs, RG - 400 ft, Direction
direction "D" (fig. 4-63).

n figure Step 2. W- 1.20 (20,800) z 25,000 lbs.

Step 3. Z 'IQ - - - 13.7 ft/lb/'
WI/S (25,000)"/3

Step 4. Determine Pso from figure 4-63 for ZG - 13.7 ft/lb" 53 and

Direction "W'.

Poo 3.25 psi

63 for

nteroat.

44'S
44
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Step 5. Determine other parameters from figure 4-12 correspondt.ng to Step 4.
P - 3.25 psi ~so

11 - 1.230 ft/ms
1 8

=- 5.3 psi-ms/bl/s .'.1. 5.3(25,000)'' - 155 pol-ms
wl/3

t
_= 3.25 ms/lb"' .. to 3.25(25,000)'/$ - 95 as
WV3

tA

- 11.5 ms/lb"/" = 11.5(25,000)"s - 336 ws

'I

PROBLEM 4A-5. HIGH PRESSURE RANGE BLAST LOADS 0.
1.

Problem: Determine the average scaled impulse acting on the wall of a
cubicle from a contained fully vented explosion.

Procedure:

Step 1. Select from figure 4-15 the structtral configuration which Step 5.

will define the number N and location of effective reflect-
ing surfaces for the wail of the structure in question. De-
termine the charge weight, aud as defined by the structural
configuration chosen above, the charge location parametars
RA, h, t and the structural parameters L, H.

Step 2. Apply r 20% safety factor to the charge weight.

Step 3: Calculate the chart parameters h LP t L L and the scaled

distance Z A' A

Note:

Use of the avexage impulse charts may require intorpolatlon In
many cases. Interpolation may be achieved by inspection for
the scaled distance Z and by a graphical procedure for the

A
chart parameters L/H, t!L, and b/H using 2 cycle by 2 cycle
logarithmic graph paper. The following procedure will illus-
trate the interpolation of all three chart parameters.

41-74
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4,tp 4. From figur* 4-16 determine the appropriate impulse charts for
the numter of adjacent reflecting surfaces N. Determine and
tabulatt the values of the average scaled impulse ib from

these charts for the required L/R. and ZA and the following
variables A

L/H - 0,75, 1.00, 3,00, and 6.00

t/L - 0.10, 0.25, 0.50, and 0.75

h/H - 0.15, 0.25, 0.50, and 0.75

FOR REQUIRED L AND ZRA A

hi/ 0.15 0.25 0.50 0.75

"L/" "/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75 0J0 0.25 0.50 0.75 0.25 0.50 0.75

L/S

0.75

1.50

5. LStep 5. a. Prepare four 2-cycle log-log charts with W as the lower

abscisra, i an the upper abscisa, and b as the ordinate
aL h b

(one chart for each of the - ratios). On each chart for
h ~HL

conctant kand z versus - for all values.H 5IdA' Plot ibv HL

htUsing chart for r - 0.15, read values of 1b versus rb .

for required ,k. Tabulated results-

FOR h - 0.15 AND REQUIRED L

/_/L Tb

0.10
0.25
0.50
0.75

0;



I,

o. Repeat step 5b for charts h 0.25, 0.50, and 0.75.
Tabulate reuoults.

d. On each chart, plot Tb versus r from stops Sb
and 5a.

a. On aach - chart, read T for required ratio.
H b

FOR CALCULATED Lea

h/H b

0.15
0.25
0.50
0.75

f. On a fifth chart, plot T b from step Se versus .

h

Step 6. For required - rat:io, read I frou chart of step 5f.
H Tb

Step 7. Calculate duration of load on element.

a. For nearest point, determine the time of arrival of the
blast from figure 4-5 for ZA.

b. For furthest point, determine slant distance Z. and the
time of arrival of che blast wave and duration of load
from figure 4-5 for calculated slant distance.

a. Calculate duration of load using equation 4-1.

ID
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.75. EXAMPLE 4A-5(A). HI1GH PR,4SURE RANGE BLAST LOADS

Rlquird: Average scaled impulse on the side wall of a three-wall
cubicle from an explosive charge of 205 lbs. The cubicle is fully
veuted.

too 1K WALL

W
W-1450

SPLSECTION
h PA

Figure 4A-3

5f.
Sotution:

Step 1. H w 16 ft L - 32 ft Charge Weight - 205 lbs
of the

h - 6 ft t - 12 ft RA- 5.33 ft

and the Note:

f load For definition of terms, see figure 4-15 (side wall of three
well cubicle, N - 2).

Step 2. W - 1.20 (205) 245 lbs.

Step 3. .375 -0375 6.00 -2. 00

Af R

ZA 2 . - 0.85 fat/lb"'t
W1' (245)VU

Interpolation is required for ZAS j7 j. and

At1 L
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Step 4. Determine and tabulate the values of Lb from figures 4-28

through 4-42 (see fig. 4-16 for N - 2) for: L/RA - 6.00,

ZA 0.85 (interpolate by inopection) and for values given

for L/I1, t/L andl h/H.

h/H 0.1s 0,25 0.50 0.75

L/
0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75 0.25 0.50 0.75

L/r

0.75 135 125 105 95 135 110 90 72 130 90 75 65 77 67 58

1.30 210 183 165 150 205 165 140 125 180 130 108 95 115 95 so

3.00 280 255 225 200 270 240 225 200 260 200 170 145 170 145 130

6.00 3.3 280 95 225 320 285 265 245 310 80 250 230 1260 20 230

7V.ar. 4-28 14-29 4-30 4-31 4-32 4-33 4-34 4-35 1 4-36 4-37 4_38 3-39 4-40 1-"1 4-42

LStep 5. a. Plot ib versus - for the values of Z/L and constant
h/H (fig. 4A-4).

b. Determine 1. for 2.00,.00, - 0.15, and various
Tb H Hou r

ratios by entering figure 4A-4(a) with L-2.00

T
L b

0.10 240
0.25 210
0.50 190
0.75 170

c. Repeat above step for 0.25, 0.50, and 0.75 by entering

(b) through (d) of figure 4A-4 with • = 2.00 (tnbulation
of results not shown).

d. On each h/H chart, plot lb (steps 5b and 5c) versus ICA

(upper abscissa of (a) through (d) of figure 4A-3).

,4-M
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900
ONMSTANSA

1-0.15 "ý,l - 0

oo

7I'ý

- ~ -0.0g

Ii~ I II 90: 1,!

*a0 Q1101

L/ H
(d)

0..4-
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a. Determine for 0.375 on each h/H chart by enter-

ing (a) through (d) of figure 4A-4 with - 0.375 and

reading curves plotted in step 5d.

bh figure

0.15 197 4A-4(a)
0.25 185 4A-4(b)
0.50 140 4A-4(c)
0.75 123 4A-4(d)

f. Plot Tb (step 5e) versus A (fig. 4A-5).
H i

Step 6. For h - 0.375 read Tb - 160 psi-ms/lb'lson figure 4A-5. I

Step 7. Calculate duration of load on wall.

-J
a. For nearest point. -

From figure 4-5 for ZA - 0.85 ft/IbV• 32
aS~w

tA
WI/" 0.057 ms/illa ... tA - 0.057 (245)1/1- 0.36 ma

rb. Fo furthest point.

/ 2 2(10)2 (
(3. 3 ) )2 + (20) - 23 ft.

Z - R w 23 - 3.67 ft/lbl/a
W1/I ( 2 4 5 )1/3

From figure 4-5 for Z - 3.67 ft/lb.

t
A = 0.79 ms/lbs .*.tA - 0.79 (245)'/3- 4.95 ma

WI/s

t0
0 * 0.68 ms/lb'/ ,%.to 0.68 ( 2 4 5 )vs- 4.26 ma

WI/s '

4-478'
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0.1 1.0 10

h/H

Figure 4A-5. Interpolation of scaled impulse for h/H ratios.
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c. Paration of load on wall.

to - (tA)F - (tA )A + 1.5 (to)F (eq. 4-I)

t - 4.95 - 0.36 + 1.5 (4.26) - 10.98 ma.

EXAMPLE 4A-5(B). HIGH PRESSURE RANGE BLAST LOADS

Required: Average scaled impulse on the back wall of a three-wall
cubiclo from an explosive charge of 3,750 lbs. The cubicle In fully
vented.

•1A KVtL L--l

L IJW ;4500*

36,

PLAN SECTION

Figure 4A-6

Solutionm'

Step 1. H - 16 ft L - 36 ft Charge weight %3750 lbs

h - 4 ft t - 9 ft RA - 16.5 ft

Note:

For definition of terms, see figure 4-15 (back wall of
three-wall cubicle, N - 3).
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S
Stop 2. W - 1.20 (3,750) - 4,500 lbs

Step 3. --0.25 t - 0.25 -.2.18 E.2.25
H L RA H

ZA. mA, . 16.5 - 1.00 ft/lbB/3
A V3 (4,500)1/

S Interpolation is required for L
H

S
e-wall Step 4. Determine the values of Tb from figure 4-47 (determined from
e is fully L

fig. 4-16 for N - 3, h/H - 0.25, £/L - 0.25) for f ratios of
0.75, 1.50, 3.00, and 6.00.

L
"ff b

0.75 365
1.50 480
3.00 530
6.00 570

8 LStep 5. Plot Tb versus i (fig. 4A-7).

F r L =
Step 6. For 2.25 read Ib - 515 psi-ms/lb'/5 on figure 4A-7.

S
Step 7. Calculate duration of load on vail.

a. For nearest point.

From figure 4A-7 for ZA - 1.00 ft/lb•.

tA w 'a

b- - 0.074 me/lbL ,'.tA- 0.074 (4500)'"Y - 1.22 ras

11 of

4-79
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1000 +i K*H 444 414H -i 4R -4

UV If1/

-4J

06w-7:

100

U )... -...

z

ArU Requir,
expi,

100- 111 0 -a10
0.1I.01

L/H

Figure 4A-7, l'iterpolation of scaled impulse for L/H ratios.
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b. For furthest point.

? "V(16.5)2 + (27)2 + (12)2 33.8 ft

Z - 33.8 - 2.05 ft/lbI/s
(4500)'/3

From figure 4-5 for Z - 2.05 ft/lb'/

"A . 0.27 ms/lb/ *' tA 0.27 ( 4 5 0 0 )V& - 4.46 me

W1/13

t
0 - 0.16 ms/lb'" .%t o 0.16 (4500)'" 2.64 me

c. Duration of load on wall.

o - (tA)F - (tA)A + 1.5 (to'; (eq. 4-o.)

to - 4.46 - 1.22 + 1.5 (2.64) - 7.20 me

qui'ed

explo EXAMPLE 4A-5(C). HIGH PRESSURE RANGE BLAST LOADS

Requir~ed: Average scaled impulse on a cantilever barrier wall from an
explosive charge of 6,250 lbs.

. w lei .•

26'

PLAN

Figure 4A-8

()

.1•



So lution:

Step 1. 11 - 15 ft L - 52 ft Charge weight " 6,250 lbs

h - 3.75 ft Z - 26 ft RA u 14 ft

Note:

For definition of terms, see figure 4-15 (cantilever wall.
N-i).

Step 2. W - 1.20 (6,250) - 7,500 lbs

Step h 0.50 3.71 L 3.47H - 1 RA

SRA 14 /
iz s 0.72 ft/lbfW/ (7,500)1/3

Interpolation is required for

Step 4. Determine the values of t b from figure 4-22 (from fig. 4-1

for N - 1, h/H - 0.25, and t/L - 0.50) for L/Hi ratios of
0.75, 1.50, 3.00, and 6.00.

L
H b

0.75 102
1.50 225
3.00 380
6.00 410

LLStep 5. Plot i .versus L (fig. 4A-9).

_ Step 6. For H 34 read -b 390 psi-ms/lb'/ 3 on figure 4A-9.

• /
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CILC

4 4
-- ~ - -

too
Li. D

CONSTANT-

--- Z-= 07 ft/b

s- -of~-- - -- I
h=0.50L-

COSAN j ~-
ZAO 2 tlb"

410. H R10--

L/H

Figure 4A-9. iLnterpolationl of scaled impulse for L/H ratios.

4-41
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Step 7. Calculate duration of load on wall. 
ProcE

a. For nearest point. 
Step

From figure 4-5 for ZA a 0.72 ft/lb"'/

t
t 0,0435 ms/IbS .' 0.0435 (7500)'/3 0.85 ms

WI/I LA 
Se
Step

b . For furthest point. Step

RA - •V14) 2 + (26)2 4 (11.25)2 - 31.6 ft

Z = 31.6 = 1.61 ft/lb"/3

(7500)'/'

From figure 4-5 for Z - 1.61 ft/ll"' 
Step

t
:A- 0.175 ms/lbI/z ' - 0.175 (7500)1/3 3.43 me

w--- A Step

t 
Se

t-0- 0.100 ms/lb'/
3 *.t 0.100 (7500)'/3- 1.96 me

*W' 13  0

c. Duration of load on wall.

to- (tA)F - (tA)A + 1.5 (to)F (eq. 41) Requs

L - 3.43 - 0.85 + 1.5 (1.96) - 5.52 me si

PROBLFH 4A-6. HIGH PRESSURE RANGE BLAST LOADS

Problem: Determine the average scaled impulse and maximum mean pressure

on the wall of an enclosed cubicle from a contained, partially vented

explosion.



AI

loce Procedure:

:ep 1 Step 1. Select from figure 4-15 the structural configuration which will
define the number N and location of effective reflecting sur-
faces for the wall of the structure in question. Determine the
charge weight, and as defined by the structural configuration
chosen above, the charge location parameters RA, h, t, and the
structural parameters L, H.

:ep. Step. 2 Apply a 20% safety factor to the charge weight.

h Z L , Ladsalddtne
ýep 3 Step 3. Calculate chart parameters 2 q and scaled distance

ZA. A

ZA .RA
WA W

teps Steps 4,5,6. Following the procedure outlined in problem 4A-5, deter-

mine ib conforming to the above parameters.
W

tep 7 Step 7. Calculate charge-volume ratio W

tep Step 8. For calculated V, read Pmo from figure 4-65.

EXAMPLE 4A-6. HI1H PRESSURE RANGE BLAST LOADS

equi Required: Average scaled impulse and maximum mean pressure on the roof
sla slab of an enclosed cubicle with a small venting area from an explo-
siv sive charge of 2.5 lbs.

S19 - 0"

ROOF SLASa

I I", ,I I

PLA ENLEVTON
Figure 4A-lO qA

2J.
I
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SoZution:

Step 1. H - 15 ft L -19 ft Charge weight - 2.5 lb
h 7.5 ft •-9.5 ft RA- 4.33 ft

L

Note:

For definition of terms, see figure 4-15 (four wall cubicle witl
with roof, N -4).

Step 2. W - 1.20 (2.5) - 3 lbs

Step 3. b - 0.50 0.50 - 4.39 - 1.27
H L R-A 11

RA 4.33
W1/3 (3)1/3

Interpolation is required for

N Step 4. Determine the values of ib from figure 4-62 (from fig. 4-16b
for N - 4, h/H - 0.50, and t/L - 0.50) for L ratios of

H
0.75, 1.50, 3.00, and 6.00.

L
H b

0.75 74
1.50 87
3.00 112
6.00 171

Step 5. Plot b versus -h (fig. 4A-11).

Step 6. For - 1.27 read 1 -81 psi-ms/lb"/a on figure 4A-11.

Step 7. Calculate charge-volume ratio

W 3 0.00121 b/t
V 19(15)8.67

Step 8. For V 0.00121 lb/ft 3 read pmo 19 psi on figure 4-65.
V 0

i ,

IIIIII II
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1000
CONSTANT T__ _ _

h 0 5

H-- 'RA00t:I3 -------------___

J~~ ~0.50 4__ _ _

hl~cle witl . -.--....--- __ _

E

(Li

Cr,
<i 100

g. 4-16

as of

o
cn 10

0.1 10

L/H

Figure 4A-11. Interpolation of scaled impulse for L/H ratios.

4-65.

4-3
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PROBLEM 4A-7. EXTERNAL BLAST LOADS ON STRUCTURES

P'obZem: Determine the pressure-time blast loading curves on a rectan-

gular structure from an external explosion.

P'rocedure:

Step 1. Determine the charge weight, ground distance RG, height of

burst He if any, and structure dimensions.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Select several points on the structure (front wall, roof, rear

wall, etc.) and determine free-field blast wave parameters

(para. 4-12)for each point. For an air burst, follow the pro-

cedure outlined in problem 4A-2; a surface burst, problem 4A-3;

leakage pressures, problem 4A-4.

For the front wall:

a. Calculate the scaled ground distance ZG.

b. Determine free-field blast wove parameters for ZG.

c. Determine reflected blast wave parameters from figure 4-5

or 4-12 for ZG.

Read:

Peak positive normal reflected pressure Pr' ,tep 5

Scaled unit positive normal reflected impulse i /W'/3.

Multiply scaled value by W1/3 to obtain absolute value.

d. Repeat steps 3a and 3b for other points.

Step 4. Determine front wall loading.

If the wave front is not plane, use average values.

4-4



a. Calculate clearirng time t s

th r e - (eq. 4-5)

where S - height of front wall or one-half its width,
whichever is smaller

b. Calculate fictitious positive phase duration tOf

2i
So (eq. 4-3)

so

a. Determine peak dynamic pressure q0  from figure 4-66
for Pso'.

d. Calculate Pso + CD qo* Obtain CD from paragraph 4-14b.

e. Calculate fictitious reflected pressure duration tr

2 i

tr = 2 (eq. 4-7)
r

f. Construct the pressure-time curves shown in either (a) 3
or (b), figure 4-67. Whichever curve (reflected pressure
or reflected pressure plus incident pressure) gives the
smallest value of impulse (area under curve), that is the
correct curve to use for the front wall.

tep 5. Determine side wall loading.

p 5. a. Span Direction ParaZZel to Shock Front.

(1) Calculate rise time td

Ltd U

where L is the width of the element being consid-

ered.

(2) Calculate fictitious positive phase duration tof

2 1
"t - (eq. 4-3)o~f POO

p50 1

h ~ Ti l



V. ~ . . .

(3) Determine dynamic pressure qo trom figure 4-66 for

so

(4) Calculate P + C Obtain CD from paragraph
4-14b. D

(5) Determine arrival time tf.

(6) Construct the pressure-time curve shown in figure
4-70.

b. Span Direction Perpendicular to Shook FPront.

=' Lwb

(1) Calculate wave length-span ratio -_- and determine

equivalent load factor C and blast wave location
D E[ D

ratio E from figure 4-69.

(2) Calculate equivalent uniform load CEPsob and wave
location D.

(3) Determine arrival times at front tf and back tb of
span.

(4) Calculate rise time td

t =D
td U

(5) Calculate fictitious positive phase duration t of

2i1
tof"- (eq. 4-3)

(6) Determine peak dynamic pressure q ob from figure 4-66
for Ca E P sobC

(7) Calculate Csob +D + Obtain CD from para-

graph 4-14o.

(8) Construct the pressure-time curve shown in figure
4-68.

S
/

,.. ._ ,. •L'• Ia • ••
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for Step 6. Determine roof loading. Follow procedure outlined for side
wall loading.

ph Step 7. Determine rear wall loading. Lwb
a. Calculate wave length-span ratio - and determine

equivalent load factor CE and blast wave location ratio

D
e r from figure 4-69.

b. Calculate equivalent uniform load' C EP soe and wave loca-

tion D.

c. Determine arrival times at bottom t, and top tb of span.
iiue

ion d. Calculate rise time td:

t$I D

U
ave

e. Calculate fictitious positive phase duration t of
th of 2 i

t , 2.1A (eq. 4-3)
of P so

f. Determine peak dynamic pressure qoe from figure 4-66 for
CE Psoe"

f :g. Calculate C E Psoe + D qoe" Obtain CD from paragraph4-14c.

h. Construct the pressure-time curve shown in figure 4-71.

re 4-66
EXAMPLE 4A-7. EXTERNAL BLAST LOADS ON STRUCTURES

ra- Required: Pressure-time blast loading curves for the front wall, cen-
ter roof span, side wall, and rear wall of the structure chown in
figure 4A-12 for a surface burst of 4,170 lbs. at a distance from the
front wall of 310 ft. Wails are one-way slabs spanning vertically,

re and roof is one-way slab spanning in the direction of the blast wave
propagation. Structure width is 60 ft. Shock front is plane,

4-85

-'it f:. -- -, > .04
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20 20" 20o j2

____ __ ,o60,

Figure 4A-12

IISolution:

Step 1. Given: Charge weight - 4,170 lbs, RG -310 ft.

Step 2. W - 1.20 (4,170) a 5,000 lbs. Point

Step 3. Determine free-field blast wave parameters P so~ ,U, i s t 0 tA1

at points 1 through 5 and reflected blast wave parameters

Pr' ir at point 1. Following the procedure of problem 4A-3. 2
3

For point 1: 4

RG 310 1/a. Z- 18.1 ft/lb'5G WI/ (5000)"'3

b. Determine free-field blast wave parameters from figure 4-12

for Z- 18.1 ft/lb'/,s

P -3.50 psi
so

U- 1.24 ft/ms

_ -/ M 5.55 psi-ms/lbl/"'3 ..i M 5.55(5,000)'/3- 94.9 psi-ms

to
s - 3.25 ms/lb'/3  .%to - 3.25(5,000)1/3- 55.6 ma

t
-- 10.6 ms/lb"'1 .*t 1 0.6(5,000)'/s- 181 mns

4-86
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c. Determine reflected blast wave parameters from figure 4-12

for ZG * 18.1 ft;/lb.'

Pr " 7.80 psi

L.r 11. 8 psi-ms/lbl/ 3 .*.ir = 11.8(5,000)'/3- 202 psi-ms

d. Repeat steps 3a and 3b for points 2 through 5. In addi-
tion, determine the wave length for these points. Results
are tabulated below.

R R ZG P U is/W1/ 3  i to/W' 3  t
SPoint

(ft (ft) (ft/lb") (psi) (ft/ms) Cpsi-ms/lbYý (psi-ms) (ms/l) (ms)

310 1 310 18.1 3.50 1.24 5.55 94.9 3.25 55.6

330 2 330 19.3 3.20 1.23 5.20 88.9 3.30 56.4

350 3 350 20.5 2.90 1.22 4.95 84.6 3.35 57.3

370 4 370 21.6 2.70 1.21 4.65 79.5 3.40 58.1

382 5 382 22.3 2.55 1.20 4650 77.0 3.47 59.3

tA tA/W• tA Pr ir /W1 Ir Lw/WV/ Lw Point

(mS (ms/l^ (ms) (psi) (psi-ms/il (psi-ns) (ft/ilb) (ft)

1 10.6 181 7.80 11.8 202 - - 1

1 11.7 200 - - - 3.60 61.6 2

1 12.7 217 - - - 3.68 62.9 3

1 13.5 231 - - - 3.75 64.1 4

1 14.3 245 - - - 3.80 65.0 1 5

1A6

2~. ~



Step 4. Determine front wall loading.

3Sa. tc - 3_ (eq. 4-5)
U 1

where S- 12 ft < 50
2

t 3(12) - 29 ms"c 1.24

2 i1
b.-2 is (eq. 4-3)

!!b otf " Pool

2(94.9) 54.2 m
t of " 3.50 5

c. qo W 0.275 psi for Pso - 3.50 psi (fig. 4-66)

d. Pso + CD qo a 3.50 + 1 (0.275) - 3.775 psi

21r VI
el tr - (eq. 4-7)

3 t 2(202) . 51.8 mis
tr 7.80=

f. Construct the pressure-time curves shown in figure 4-67(a).
The construction is ohown in figure 4A-13. Note that the
curve using Pr and tr to check the accuracy has a larger
impulse and therefore is not used.

Note:

For the computation of the b.last loading on the structure,
the arrival times are Ldken from when the blast wave
strikes the front wall, i.e., tA=0 at point i.

Step 5. Determine side wall loading.

The side wall is a one-way slab spanning vertically. Thus, a
1-foot wide vertical strip is considereJ, and, since the rise

L 1
time on such a strip is very small, it will be taken as

zero. The loaaing curve thus becomes the free-field side-on
pressure curve reduced by the drag pressures. The wall strip
closest to the front wall W.ll experience the highest pressures;
therefore, the blast wave parameters for point 1 will be used.

-II/
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a. t 0d U

b. t (eq. 4-3).tof PSol

A tof " - 54.2 ms

c. qo = 0.275 psi for P 3.50 psi (fig. 4-66)

o so
4

d. P + CD qo " 3.50 - 0.40 (0.275) 3.39 psi

where C is obtained from paragraph 4-14d. PSo

e. Construct the pressure-time curve shown in figure 4-70.

The construction is shown in figure 4A-14. 3

Step 6. Determine center roof span loading. "0
C.

The roof is a one-way slab spanning in the direction of the
blast wave propegation. Therefore, the equivalent uniform

loading method will be used. • 2

Lwb (Lwb) 3  6 2 .9 3.145
a. L L 20

D

CE 0.890 - = 0.878 (fig. 4-69)
E L

b. CEPsob - CEPso 3 - 0.890 (2.90) - 2.58 psi

D - 0.878 (20) - 17.56 ft 0
0

C. Denoting t - 0 as the instant that the shock front reaches
the front wall:

tf - tA2 - tAl - 200 - 181 - 19 ms

tb a tA3 - tAl - 217 - 181 - 36 ms

d. t - D
d U 2

t 17.56 14.3 ms
td 1.23

-i-
a +++ " :•++++., .:+•+ ++ • + +.
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* t f p (seq. 4-3)i ' " t~ " so3

2(84.6)
tof -58.3 ms

* qob 0.158 psi for CEPsob - 2.58 psi (fig. 4-66)

g" CE Psob + CD qob - 2.58 - 0.40 (0.158) - 2.52 9si (eq. 4-8)

where CD is obtained from paragraph 4-14c.

h. Construct the pressure-time curve shown in figure 4-68.
The construction is shown in figure 4A-15.

Step 7. Determine rear wall loading.

Lwb (Lwb)5 65
a. L L 1•2 . 5.42

C 0.940 2•- 0.930 (fig. 4-69 extrapolated)

E L

b. CEPsoe - CEPsc 5 u 0.940 (2.55) - 2.40 psi

D - 0.930 (12) - 11.16 ft

C. tb - tA4 - tAl - 231 - 181 - 50 ms

te A5 tAl - 245 -181 64 ms

d. td Al

d U 4

td N 11.16 9.22 msd 1.21

. tof 2 -5 (eq. 4-3)
Po55

t 2(77) 60.4 ms
of =2.55

I i
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f" qoe " 0.15 psi for CEPsoe - 2.40 psi (fig. 4-66)

C P + CD qoe -2.40 - 0.40 (0.15) - 2.34 psi
g. E soe

h. Construct the pressure-time curve shown in figure 4-70.
The construction is shown in figure 4A-16.

PROBLEM 4A-8. PRESSURE INCREASE WITHIN A STRUCTURE

Problem: Determine the interior pressure-time curve for a structure
with an opening in one of its walls and subjected to an applied blast +

pressure. C o

Prooedure:

Step 1. Determine the pressure-time history of the applied blast pres-
sure P acting on the wall surrounding the opening in the
structure as presented in problem 4A-7. Also the area of the
opening A and the volume of the structure V must be
known. 0O

Step 2. Divide the duration to of the applied pressure into n

equal intervals At, each interval being approximately t /100

to to /20, and determine the pressures at the end of each inter-

val.

Step 3. For each time interval compute the pressure differential P-P 1

where Pi is the interior pressure. Obtain the leakage pres-

sure coefficient CL for each P-P from figure 4-72.

Step 4. Calculate APi from

AP -W CL(V) at (eq. 4-9)

using the proper values for CL and At. Add AP to Pi

for the interval being considered to obtain the new value of
P for the next interval.

4 ___ .1. .
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Step 5. Repeat steps 3 and 4 for each interval using the proper values
of P and PI" Plot curve of pressure buildup.

Note:

When P-P becomes negative, the value of CL must be taken

as negative also.

EXAMPLE 4A-8. PRESSURE INCREASE WITHIN A STRUCTURE

Required: Interior pressure-time curve for a structure with an opening
in one of its walls and subjected to an applied blast pressure.

SoZution:

Step 1. The curve of the applied blast pressure P for the wall in
question is shown in figure 4A-17. (Only the positive phase
of the blast wave is considered In this example.)
Area of opening - A 0 3 ft by 3 ft - 9.0 sq ft.

Volume of structure - V - 10 ft by 10 ft by 10 ft

V - 1,000 cu ft

Step 2. to 55 ms

Use n - 10 t -5.5 ms
For the first interval, P - 3.5 psi at t - o

Step 3. P- a o for the first interval

"•P-Pi " 3.50 - 0 - 3.50 psi

CL - 8.75 (fig. 4-72)

A
Step 4. AP C -2 A t (eq. 4-9)i L V 0

AP* 8.75 (9-4 )/(5.5) - 0.433 psi

.. new Pi 0 + 0.433 0.433 psi

A i
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per values Step 5. The remainder of the analysis is presented in tabular form
below and the pressure buildup within the structure is plotted
in figure 4A-17.

be taken
tIl) P P P_-P C LP"± i L ±

(ma) (psi) (psi) (psi) (psi-ft/ma) (psi)
0 3.50 0 3.50 8.75 0.433 I
5.5 3.15 0.433 2.72 7.00 0.347

11.0 2.80 0.780 2.02 5.45 0.270

n opening 16.5 2.45 1.05 1.40 3.78 0.187
22.0 2.10 1.24 0.86 2,32 0.115

ire. 27.5 1.75 1.36 0.39 1.05 0.052

33.0 1.40 1.41 -0.01 -0.027 -0.0013

38.5 1.05 1.41 -0.36 -0.972 -0.048
all in 44.0 0.70 1.36 -0.66 -1.78 -0.088

phase 49.5 0.35 1.27 -0.92 -2.48 -0.123
55.0 0 1.14 - -

(1) Maximum Pi occurs between t - 27.5 and t - 33.0 ms

PROBLEM 4A-9. PRIMARY FRAGMENTS FROM CASED CYLINDRICAL CILARGES

Problem: Determine the striking velocity of primary fragments, che
weight of the largest fragment, and the number of fragments having a
weight greater than a specified amount.

Procedure:

Step 1. Determine the physical properties of the explosive charge in-
cluding the type and density of the explosive and the dimen-
sions of the explosive charge.

Step 2. Calculate the total weight of the explosive W and the total
weight of the cylindrical portion of the metal casing Wc:

C

Also calculate the ratio of the explosive weight to the casing
weight W/Wc.

Ci

Step 3. Determine the Gurney Energy Constant (2E')11 for the explosive
charge from table 4-2. With this value and the value of W/W

c
from step 2, calculate the initial velocity v of the
primary fragments from 0

"44'
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Figure 4A-17. Pressure-time curves.
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"" (2E') [ WW (eq. 4-10)

or frcm figure 4-73.

tep 4 Step 4. Determine the value of the constant B for the explcsive

charge from table 4-2. With this value and the values of t

and di from step 1, calculate the fragment distribution par-

ameter MA from

At
cy dA V3 + d (eq. 4-03)

tp 5Step 5. With the value of Wc from step 2 and M from step 4 calculate

the weight of the largest fragment from

Wf [MA in ( (eq. 4-14)

MA2

tep 6 Step 6. For the distance traveled by the fragments Rf, calculate the

striking velocity v of the largest fragment from S
vs - v e (-0.004 Rf/Wf"5) (eq. 4-15)

or from figure 4-74. In some cases it may be necessary to
determine the striking velocity of the smaller fragments since
the change in velocity is less. However, if the distance

60O traveled is less than 20 feet, the striking velocity is taken
as equal to the initial velocity for all size fragments.

tep 7 Step 7t Calculate the number of fragments having a weight greater than
a critical weight which may cause detonation of an acceptor
charge (ch. 3) and/or perforate or cause spalling of a struc-
tural element (ch. 8) from

In N f ln 2 -wf (-q. 4 -12)

0
L1 A0

~ 2._L_______ =- .....•,+... .+ , ,



e EXAMPLE 4A-9. PRIMARY FRAGMENTS FROM CASED CYLINDRICAL CHARGES

Required: Striking velocity of a primary fragment for close-in effects
the weight of the largest fragment and the number of fragments having
a weight greater than 1-1/2 ounces.

Solution:

Step 1. Given:
Type of explosive - TNT3
Density of explosive - 0.0,558 lb/in3
Mild steel casing
Density of casing - 0.281 lb/in3

Thickness of casinig - t c- 0.5 inch

Inside diameter of casing - di 12 inches

Length of charge - 40 inches

Step 2.

7r (12) 2(40)(O.0558) 5 b
'4

(-W - 1T ~3) - )2 12 (40) (0.281) 221 lbs

W 2521 . 1.14
c7 Y-

Step 3. For TNT in mild steel casing, (2E~Y 940 (table 4-2).

v = (2E~) [cu (eq. 4-10)

v-6,940 1*1 5,910 ft/sec
0 .1

/+
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CHARGES Step 4. For TNT in mild steel casing B - 0.30 (table 4-2).

c-in effects
ents having MA - B tc (eq. 4-13)

- 0.30 (0.5)"/ (12)1/3 1 + 2 - 0.402

Step 5. Weight of largest fragment.

8 c
Wf - [MA In ( 8  W 1 (eq. 4-14)

In (4 ) W n 8(221)2 9.29

Wf - [0.402 (9.29) 1.93 oz.
Step 6. For Rf less than 20 feet, v. o

vs -v 5910 ft/sec

Step 7. Number of fragments having a weight greater than 1-1/2 ounces.

ble 4-2). 
8 N [1 - f

In Nf - in [= (eq. 4-12)
MA2 - A

i8(221) 1.5
f L(o.4o2)2j .402

N - 520 fragments

4-93
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CHAPTER 5

STRUCTURAL BEHAVIOR OF REINFORCED CONCRETE

Section I. ULTIMATE STRENGTH

5-1. Genral structures or portions of structures designed to resist
the blast output at the intermediate- and/or low-

a. Depending upon the magnitudes of the blest out- pressure design ranges. This type of cross section is
put and deflections permitted, one of three types of 'itilized in elements with maximum deflections corre-
reinforced concrete cross sections can be utilized in the sponding to support rotations less than 2 degrees.
design: (1) Type I where the concrete cover over the Maximum strength of an element is obtained with a
reinforcement on both surfaces of the element remains full cross section. Type I elements may be reinforced
intact, (2) Type II where the concrete cover over the on either one or both faces.
compression reinforcement is crushed but still connected c. Elements which undergo support rotations greater
to the element, and (3) Type III where the concrete than 2 degrees exhibit crushing of the concrete cover
cover on both surfaces of the element is disengaged. over the compression reinforcement (Type II). This
All three cross sections are illustrated in figure 5-1. failure results in a transfer of the compression stresses

b. Elements which are designed using the full cross from the concrete to the compression reinforcement
section (Type I) usually are encountered in those which, in turn, results in a loss in strength.

A A

NO CRUSHING OR SPALLING CRUSHING
il TYPE I TYPEZ.

T;: MM CRACKING

• i••i[ -. • CRUSHING

d --- JISENGAGEMENT

SPALLING

TYPE Z

?/rw. 6-1. Tpeozl reokfmWd cenw"s cvoue a .



m L m _.• "= -• - -

•a

d. Sufficient compression reinforcement must be 5-2. Ultimate Static Moment ¢opac•y
available to fully develop the tension steel (tension
and compression reinforcement mu•t be equal), and a. Cross Section Type I.
lacing reinforcement must be present to prevent buck- (1) The ultimate unit resisting moment M, ofling of the compression steel and disengagement of the rectangular section of width b with tension reinforce-•i

concrete between the layers of reinforcement. Elements ment only is given by
which sustain crushing of the concrete without any•€/ •\ !

additional disengagement of the concrete cover are M, fL•Y•{d-•) [quatlen $-I I
encountered in structures at the intermediate- and low-o \ z/ i

pressure design ranges when the maximum dcfleetioz•s where A, = area of tension reinforcement within the t
conform to support rotations greater than 2 degrees width b !

but less than 5 degrees, f0 ffi static design stress for reinforcement (para It
e. Although the ultimate strength of elements with 5-6) j

Type III cross sections is no less than that of elements d ----. distance from extreme compression fiber
• igned to resist with Type II, the overall capacity to resist the blast to centroid of tension reinforcement I

and!or low- oatput is reduced. The spalling of the concrete cover a ffi depth of eqnivalent rectangular stress i
ross section is over both lay•r• of reinforcement, caused by either ,}
• lections corre- the direct transmission of the high pressures through block • Afo !

an 2 degrees, the €lemellt at the high-preesure range or large defiec- 0.85bf/
• tained with a tions at the intermediate- and low-pressure ranges,
, be reinforced produces a loss of capacity due to the reduction in b = width of compression face

•!l• concrete mass. f/ffi static ultimate compressive strength of
•tations greater f. A more detailed treatment of the phenomena of concrete
concrete cover crushing and spalling is presented in chapter 7. The reinforcement ratio p is defined as
"ype II). This 0. The ultimate strength of reinforced concrete see-

Ao
ession stresses tions may be calculated in accordance with the ultimate p =-- Equaticm 5-2
reinforcement strength design methods of the Americar• Concrete bd

-•th. Institute Standard Building Code Requirements for
Reinforced Concrete (hereafter referred to as the ACI (2) To insure against sudden compression failures,
Btdlding Code). Th• capacity reduction factor h which the reinforcement ratio p must not exceed 0.75 of the
has been established for conventional static !oad con- ratio pb which produces balanced conditions at ultimate
ditions was omitted from the equations for ultimate strength and is given by

resisting moment. However, in the equations involving 0.85K•f/(_87,000

shear stress, the • factor was maintained to insure p•= Equation 5-3
against a premature failure due to shear which would f, \87,000+f,/

substantially reduce the overall blast-resistant capacity where Klffi0.85 for f,' up to 4,000 psi and is reduced
of the element. Safety or reliability of the protective 0.05 for each 1,000 psi in exce•s of 4,000 psi.
structure is inherent in the establishment of the magni- (3) Figure 5-2 is a universal design chart, giving •
tude of the blast output for the donor charge, and ill the ultimate moment capacities of rectangular sections •
the criteria specified for deflection, support rotation, with tension reinforcement only for all values of p,
or fragment velocity. Other permissible departures from fo', and f,.
the criteria for static or quasi-static loadings are de-
scribed below. (4) For a rectangular section of width b with ,,

compression reinforcement, the ultimate unit resisting •'•
h. Although certain formulae for elements con- moment, is

:ING structed with conventional weight concrete are given
;ING in the following paragraphs of this chapter, more de- (A,-A,')f, d-• -4-.7 (d-d') Equation 5-4 •

GAGEMENT tailed information and design aids are given in the M, ffi b
bibliography. Because tests have not yet been con-
ducted to determine the response of lightweight con- where A°' .= area of eempreesion reinforcement within
crete elements designed for the high- and intermediate- the width b
pressure ranges, the pertinent formulae for this type of d' = distance from extreme compression fiber
concrete a•e not included in the manual. However,
lightweight concrete may be utilized for structures de- centroid of compreuion reinforcement
signed for the low-pressure range, but the reduction in a == depth of equivalent rectangular stress

mass from conventional weight concrete must be ac- block ,= (A,--A°')f,
counted for in the design to maintain the blast-resistant
capacity of the structure. 0.85bf•'

$-I
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the minimum aret
j.09 table 5-1 are recoi

____ ____.08

____.06 
Tabl__ -1___ i

.05 Pressure Reinf

adlw Othei

.03

1500

=IU 8 0 W 5-3. Ultimate!
.007 a. Diagonal Ten

600 L-Jq 3.7m, 006(1) The ultin
w 0 7.0 diagonal tension, ii

5 300 ___O IL_10 bd
00fl,0' .03 0and for Type 11 ai

200 l V.'

0 bd,

01 where Vu, it; the to,
0 ~a distance d (Typ

100 .01the face of the sup
Figur .001the face of the sup,,

need not be consid,
Fgr5-...Moment. capacity of rectangular seecions WSLAC'U* compression reinf orcementi. (2) The shear

web is limnited to
The reinforcement ratio p' is and Type III rectangular sections of width b is ~

A,'I--/f+5
p1  

--A Equation 5-5 M.= A. fAd Equation 5-7 where 0 is the car
bdb to 0.85 for all crosa

where A. = area of tension or compression reinforce- the maximum valiu
(5) Equation 5-4 is valid only when the corn- ment within the width b increase in the 1 A

pression steel reaches the value f. at ultimate strength, =dsacbewnthcntidofheor-than the 3.5 factoi
and this condition is satisfied when dre=siontandebtwe the tesintreinf orement om recommended, int

The reinforcement ratios p and p' are equal to insure against a pi
f,'d'( 87,00 '~to excessive shears)_D>08K Equation 5-6A.3)Wevr

f.d k87,000-f.) .1)Weee
=P bd. Equation 53the shear capacity

(6) If p-P' is less than the value given by equa- meat must be pro
tion 5-6 or when compression steel is neglected, the (2) The above moment capacity can be obtained ments with a Typi
calculated ultimate unit resisting mocment should not only when lacing reinforcement is provided to maintain may be used to re
exceed that given by equation 5-1. The quantity p -p' the integrity of the element~ when larger deflections are used to provide th
must not exceed 0.75 of the value of pb given in equation encountered. ments whose cross
5--3. c. Minimum Flezural Reinforcement. To rwsure the Type I11. When

b. Cross Section Types II and III. proper structural behavior and also to prevent excessive prwvided for a dista
(1) The ultimate unit resisting moment of Type 11 cracking and deformationr under conveptional loadings, required, and, betw

~* 5-2
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areaL
ecom the minimum areas of flexural reinforcement listed in section at a distance d from the support, must be the

table 5-1 are recommended. same ac required at that section. When lazing is used,
Mini it should be mada continuous in at least one direction

and carried past the face of the support in all cases.Table 6-1. Minimum Area of Flexural Reinforce~met
Roinfo' _(4) The required area of stirrups for Type I cress

Prowure Reinforce- Two-way One-way sections is calculated using
deuiaP ranse ment elerents elemente

)her Intermediate Main A. -0.0025bd A. - 0.0025bd A,- (vu-t=b.s. Equation 5-11 a
and low Other A,-O.OOlSbd A.+A.' of.(sina+cosa)

dain -O.O020bT,
. . ... , while for cross sections conforming to Types I, II, and

)ther High Main A.-A.' A.-A.' I1I, the required area of lacing reinforcement is
- ,0025bd. -0.0025bd.

Other A,-A.' Ao-A.' (v.--v.)bisg
-0.O018bd,* 0.0018bd.* A f(i ) Equation 5-11b6

* but not leas than A./4 used in mail direction where A. - total area of stirrups or lacing reinforce-
Ito Sment in tension within a width b. or b,
Te s 5-3. Ultimate Static Shear Capacity and a distance s. or s,

Itima. Diagonal T -- v excess shear stress except as noted below.
The ultimate sheai stress v, is deter-(1) The ultimate shear stress ,,, as a measure of mined from either equation 5-9a or 5-9b

diagonal tension, is computed for Type I sections from depending upon the type of cross section.

VE b5-.fi width of concrete strip in which the di-
vri =•-d Equation 5-9a agonal tension stresses are resisted by

stirrups of area A.
and for Type If and III sections from bi width of concrete strip in which the di-

'., agonal tension stresses are resisted by
- Equation 5-9b lacing of area A,

tot bds, = apacing of stirrups in the direction parallel
[-where V. is the total shear on a width b at the section to the longitudinal reinforcement

sup a distance d (Type 1) or d, (Types II and III) from = spacing of lacing in the direction parallel
3upp the face of the support. The shear at sections between to the longitudinal reinforcement

iside the face of the support and the section d or d, therefrom a = angle formed by the plane of the stirrups
iear need not be considered critical. or lacing and the plane of the longi-

(2) The shear stress permitted on an unreinforced tudinal reinforcement
web is limited to (5) In order to insure the full development of theflexural reinforcement by pieventing shear failure, the

cap v =OI[.9Vi?+2500p<]2.28•bV/T- Equation 5-10 following limitations should be considered in the design
ross 5-7 where 0 is the capacity reduction factor and is equal of either stirrups or lacing;(a) The excess shear Atrms v.-v, used in squa-Vai to 0.85 for all cross sections. The abovw exprcssion for (a The exces sheur stre to tue inu
1.9 rce- the maximum value of vc corresponds to a 20 percent tions 5-1a and 5-1b, should conform to the following

increase in the 1.9 factor. This value of 2.28 is less
in a ta h xesSerSrs 'com- than the 3.5 factor of the ACI Building Code and is Excss Shear Stress P.- v,a recommended, in addition to the 0 factor, to further
ar s insure against a premature failure of an element due Limits Stirrups Lacing
ver to excessive shear stresses. 0
Aity a'' e0er (3) Wherever the ultimate shear stress v. exceeds

the shear capacity v. of the concrete, shewr reinforce- v, < v.,2vu V-v V
Cype mei~t must be provided to carry the excess. For ele-

Sr mined ments with a Type I cross section, stirrups or lacing V. -V. Vu Cc

3 th tain may be used to resist the excess, while only laciag is (b) The ultimate shear stress v. must not exceed
1055 are used to provide the additional shear capacity in ele- 10I4W. ' in sections using stirrups. In sections using

nments whose cross section conforms to Type II or lacing there is no restriction on v. because of the
ista the Type Ill. When stirrups are used, they should be continuity provided by this type of ehear reinforcement.
etw ive provided for a distance d beyond the point theoretically (c) Wherever stirrups are required (v. > v,), th,3

required, and, between the face of the support and the area A, should not be less than 0.0015ba., and for

v



"lacing reinforcement, the area A, should be at least tension reinforcement is parallel to the compression
equal to 0.0015bsi. face, the ultimate flexural bond stress u. at any crow

(d) Where stirrups are required, they should be section is determined from
spaced so that every 45-degree line, representing a po- V,
tential diagonal crack and extending from middepth Equtojd Eqtion 5-14

d
- to the longitudinal tension bars, is crossed by at where j = ratio of distance between centroids of com-

pression and tension forces to the depth d
least one line of reinforcement. When the shear stress Zo = sum of the perimeters of the effective bars

v, exceeds 60-v/fT, every such line should be crossed crossing the section or the tension side

by at least two lines of reinforcement, when size is uniform; for mixed sizes,

(6) The maximum ,pacing of lacing is limited to substitute 4A. (where A. is the total steel

d, or 24 inches, whichever is smaller, for all cases. area) divided by the largest bar diameter

b. Direct Shear. b. Critical sections occur at the face of the support,
(1) Even though an element is reinforced for di- where tension bars terminate within the span and at

agonal tension, failure due to direct shear is theo- the points of inflection.
retically possible. Failure of this typo is characterized c. To prevent bond failure or splitting, the calculated

by the rapid propagation of a veitical crack through tension or compression in any bar at any section must

the depth of the member and is usually of concern at be developed on each side of that section by proper

the supports where the maximum stress occurs. embedment length, cnd anchorage, or, for tcnsion only,
(2) In those elements whose cross section con- hooks. Anchorage or development bond stress u. is

forms to Type I and with support rotations less than computed as
2 degrees, the magnitude of the ultimate direct shear
force Vd which can be resisted by the concrete is given F Equation5-15
by Zo/6

Vd = 0. 18f,'bd Equation 5-12 where Fo = bar force determined from M
S(3) When the support rotation of an element ex- M = bending moment at the section

ceeds 2 degrees, the concrete between the reinforcement L0 = embedment length of reinforcing bars

3, is severely cracked and thereby incapable of trans- d. Neither the flexural nor the anchorage bond

W terring the direct shear stresses produced by the ap- stresses should exceed the limits prescribed in table

plied load. In these laced elements. direct shear stresses 5-2, where Do is the nominal diameter of the reinforcing

at the supports are resisted by diagonal bars which bars, except that flvxural bond stress need not be
extend from the element into the supports. The r- considered in compression nor in those cases of tension
quired area of the diagonal bais is determined from where thc anchorage bond stress is less than 0.8 of

the permissible va!ua.
V.b e. Recent tests of laced elements have indicated that

f. siA n if continuity of the lacing and flexural reinforcement is

where Ad - total area of diagonal bars at the support maintained throughout the element, and all flexural

within a width b and lacing bars are anchored snd/or lapped 40-bar

V. - shear at the support on a unit width b diametere, flexural and anchorage bond stresses need

a = angle formed by the plane of the diagonal not be evaluated. Details indicating the proper anchor-

reinforcement and the plane of the tongi- age of laced elements are given in chapter 9.

tudinal reinforcement 5-5. Dynam!e Stnghs
(4) Equation 5-13 assumes that the diagonal bar

is resisting the shear either in tension or compression. a. Under the iapid rates of strain that occur in

In some elements it may be desirable to use both tensicn structural elements subjectea to blast loads, both the

and compression bars at any one section thereby re- reinforcement and the concrete exhibit' ',hor strengths tern

ducing the required are% of each bar to one half that than in the case of statically loaded elements. These

specified in equation 5-13. The minimum size of the increased streses or dynamic strengths are used to

diagonal bars should conform to that shear force which calculate the element's dynamic resistance to the ap-

will produce a concrete stress equal to the ultimate plied blast loads.

shear capacity v. of the element. b. Pictorial representations of typical stressw-srar',
curves for concrete sad reinforcing bars are shown in

$-4. WUimsa Statc Bond Capacity and An- figure 5-3. The solid curves show the strs-strain
•!chol s relationsip for the material when tested at the standard

a. In flexural elements without lacing anod wsere the ASTM rate of strain. At, higher strain rates, the ma-

/ . . .. • • * .•• - °--
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the compression HIGHER IRATE OF STRAI
u. at any crossw~

Equation 5-14 c
C00

centroids of corn-
rcsto the depth d U

the effective bars /STAND~ARD ASTM
n the tension side RATE OF STRAIN

for mixed sizes, RATE

A. is the total steel
rgest bar diameter

ace of the support,
in the span and at

ting, the calculated
t any section mugt
section by proper STRAIN
r, f-)r tonsion only,
bond stress u., is a)CONCRETE

Equation 5-15 HIG41HER RATE OF STRAlN-

7nM f
section
einforcing bars
e anchorage bond idy - - - -

rescribed in table
er of the reinforcing V TNDR AT
tress need not be cc
ose cases of tension RATE OF STRAIN
is less than 9.8 of

have indicated that,
ral reinforcement is
t, and all flexural
/or le.pped 40-bar
bond stresses need____________________________
the proper anchor- STRAIN
hapter 9.

b) REINFORCING BARS
rain that occur in Fg#Wi &-l- Shsra-atirai CWsefor Conerii ad .einiorcing bars.

ýeil ast loads, both the
IrUrves bit higher strengths teriel strength@ increame as indicated by the dotted c. The dynamic increase factor, denoted am DIF and

p od elements. These curves. Defin-itions of the symbols ame as follows: equal to the ratio of the dynamic to static stnews,
ngths are uaed to " ttic ultimate compressivo strength of oa- depends upon the rate of strain of the element, in-

f k istance to the ap- crete creasing as the strain rate increases. In flexural elements
-dynamic ultimate compressive strength of this increase in capacity is primarily a function of the

f ypical straws-strain concreto rate of strain of the reinforcement se shown in figure
bars arm shown in it- atin~ yield streea of reinforcement 5-4 and, in particular, tW. tnim-to-reach yield tif the

w the otisao-stram f,, dynamic yield stress of reinforcement reinforcing steel. Because of the increased magnitude
teut the standard ",- ttic ultimate stress of reinforcm~ent of the blast loads and subsequent increase in sramn

rain rates, the 'a*-- dyanaic ultimate streas of reinforeemen,i rate, the dynamic increase factors for elements sub-

5-3
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.:..mi . -~ .Tabk 6-I. Ah

d . - -. . . ...------ - -. leinforelne bar -
location

h

Tension:

. ..... Top bairs*

7- ~: . __ O Bans other
than top
bars

22777> - --------- ~-Compression.- -

-..-------..-.-.---. Horisontal bars so

the member below tf

I'(psi)

Tabie 5-,,

________________? Streame

-~ Reinforcing steel:
- ~ La -BendingH1 T _Concrete:

u~i Comresion. .-.--. Diagonal tensic

-- . __ Direct shear---

Bond.---

_____ _____ultimate compre

- 17____ ____ ____as applicable, wh

S. - ... rr~x7. .f.,.'- (DIP))

f.(DIP))

__5-6. AIlowal
____-~__ ___ __ ____a. The behavih

- ____ ____blast loading der

ductility of its
A- .8ductile elements,

A& peak strengths t

(Pd) 01 x 'P; M&s aJ13IA abruptly with Bi
range. Reinforced
ductile reinforcer

jected to tne high-pressure effects of a detonatioti are increase be considered when determining she;.r or bond terial.
higher than those for elemento subjected to the inter- capacities nor when calculating quantitiec of lacing, b. Reinforcing
mediate- or low-pressure range effects. stirrups, or diagonal bars. Society for Testi

d. Dynamic increase factors for concrete and rein- e. The dynamic moment capacities of concrete sec- may usually be c
forcing steel are listed in table 5-3 as a function of tions are determined from the equations listed in in sises up to N
the structure location and type of stress being con- paragraph 5-2 by substituting the dynamic design (No's. 148 and 1
8idered. It is recommended that no dynamic stress stress for the reinforcement f&. for f. and the dynamic available. Bends,

5-4
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IF. A Table 6-5. Aliowable Bond Shreeeea (Nonlaced Secdiow~) points of maximum stress are also undesirable because
________________________- of the reduced ductility.

--r Ritnforcins bar _____ Bar Def ormations c. It is desirable to know the reinforcement streas-
ASTM A305 ASTM A408 strain relationship in order to calculate the ultimate

______ __________ __________-- resistance of an element. This information is not usually
Tension: avatilable; however, a set of minimum values which

is 6.Tpbas 6. 7 Vf7 o 5 s .2vf, will assure a safe design has been determined. Table
To ar s--no 80pi .. 5-4 lists these recommended static design stresses for

9. 9. 5 -VT.. both concrete and reinforcing steel.
or Bars other nor 800 psi 6 -14- d. The magnitude of the stresses produced in the

Dpthsn top Doreinforcement of an element responding in the plastic
bars range cannot be related directly to the strains, but an

-. 1 Conprssio-...~ 3 V~ no 80 ps 13"/4'nor~ ~estimate of the average stress over portions of the
Comresio --- 3 /ýf Inor80 lpai 13-IT, nr 00 si plastic range can be made by relating this average

____ _________ -stress to the deflection. of the element. The deflection
ars so pias Horisontal bars so placed that molre than 12 inches of concrete is cast in dfndi em fteamlrrtto ttesp
slow the the member below the bar, isdfndi1emso5h nua otto ttesp

A. (in.) ports, whereas the average static stress is expressed as
f.' (Peil a function of the yield stress f~, and the ultimate stress

Ple 6-8. Table 6-8. Dynmmic Increase Factors (DIF)
__________________- -Mazimun uipprd rotation Static disign

Preseure deelin ranae an5U, stressaf.
104e Stresese _____ _-O<0..•2* f,

High Intermediate anti low 2*0<9<5* .4 + -X ( A -f'

ftl: Reinforcing steel:
------- ~~~~Bending------------- 1.20 1.10 e vntog h antd ftecnrt
---- Shear -------------- 1.00 1.00 e vntog h antd ftecnrt

Concrete: strength is only significant in the calculation of the
iion. - Compression---------- 1.25 1.25 strength of elements with support rotations less than
tension Diagonal tension ---- 1.00 1.00 2 degrees, its effects on the behavior of elements with

ear- Direct shear-------- ---------------- 1.10 both small and large support rotations is of equal
...... Bnd-------------------- 10 importance. For elements with small support rotations

_____________________________________- (less than 2 degrees), the shear capacity of the element
is usually dependent upon the magnitude of the concrete

rnpress ultimate compressive strength of concrete f&' for fC', strength. For elements with larger support rotations,
3, wher as applicable, where the cracking and crushing of the concrete between the

layers of reinforcement associated with the larger ro-
~I~f'fd"'= (DIF)fc' Equation 5-16a tations is less severe when higher strength concrete is

IIF)f. d. - (DIF)f. Equation 5-161; employed.

WOWl 5-6. Allowable Stresses Table 8-4. Minimum Staiic Design Streases

havior a. The behavior of structural elements subjected to Stresses (Pei)*
;depe blast loading depends upon the ultimate strength and Material =______.0____
its mductility of its materials. The required strength of ___________ " _______

Itits, w ~~~~ductile elements, which can maintain their peak or near- Renrcgsel - 4,00 000 -

%hs th peak strengths through large strains, is considerably AladA4.6000gco -

it nec less than that necessary for brittle elements which fail -_Al_&d__ 3._0____000

th litt abruptly with little energy absorbed in the plastic Concrete 0o <:• 5 -2-.50

Dreed range. Reinforced concrete with well tied and anchored 20 <9 12~ - - 3,0000*
orcem ductile reinforcement can be classified as ductile ma- _____________- -.- ___ ___

r bond terial. a Mininium *tresse may be substituted for atrensas. obtaind from tests..

cing s lacing, b. Reinforcing steel, designated by the American 00Rcmmne value of I.'eouala 4,000 pal.

restin Society for Testing and Materials as A15 and A432,
b e wo tese- may usually be considered to have adequate ductility f.Once the static stresses have been determined,

to No. tdin in sizes up to No. I1I bars. For the larger size bars then the dynamic stresses can be calculated by multi- 0
nd I design (No's. 1413 and 188), the desired ductility is often not plying the static stresses by the dynamic increase
ands, 1 namic available. Bends, lapped or welded splices, etc., near factors of the previous section.

__________________I



Section II. STATIC PROPERTIES

5-7. Modulus of Elasticity manual be based upon empirical relations determined
a. Concrete. The modulus of elasticity of concrete E. from test data.

Sb. The average moment of inertia I. to be used in
calculating deflections is

E ,- wl.'33 vNi psi Equation 5-17 __+_ Equ ain 5-20

for values of w between 90 and 15 lbs/ft' where w is 2
the unit weight of concrete and normally equal to
145 lbs/fts. where I.moment of inertia of the gross concrete

b. Reinforcing Steel. The modulus of elasticity of cross section of width b about its centroid (neglecting
reinforcing steel E. is steel areas) and is equal to

bT, 3  qaon51
E.=29(10() psi Equation 5-18 I, 3 Equation 5-21

12
c. Modular Ratio. The modular ratio n is and 1, = moment of inertia of the crazked concrete

E. section of width b considering the compression concrete
Equation 5-19 area and steel areas transformed into equivalent con-

crete areas and computed about the oentroid of the
and may be taken as the nearest whole number. transformed section. L is calculated from

5-8. Moment of Inertia --Fbds Equation 5-22

a. The determination of the deflection of a reinforced The coefficient F varies as the modular ratio n and the
concrete member in the elastic and elasto-plastic ranges amount of reinforcement used. For sections with tension
is complicated by the fact that the effective moment reinforcement, only F is given in figure 5-5. For other
of inertia of the cross section along the element changes elements which are reinforced both in the compression
continually as cracking progresses, and further by the and tension rcgiuws, the value of F cannot be obtained
fact that the modulus of elasticity changes as the stress from any available design aids and, therefore, .r, must
increases. It is recommended that the computation of be calculated using the transformed section method as
deflections in this and subsequent chapters of this described above.

0/
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I relatio-io determnine~d

ertia I. to be used in

Equation 5-200.7

of the gross concrete
t.4 centroid (neglecting -------

44

Equatrcsion concrete i~t ýwI

dinto equivalent con- 7T ýhl '

ut the. centiroid of the W t 4

ated from 0.050 -ý-:

Equation 5-22

odular ratio n and the 13 X
'or sections with tension rW A U--
iii figure 5-5. For other 0001

th in the compression z
fF cannot be obtainedI

and, therefore, I, must ir.
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XMNV.SISMIt 5-14 through .

in certain table
Section III. RESISTANCI-DEFLICTION FUNCTIONS derived for sp

pactice and a
S-9. Geneal tural element is a reactive force associated with the The following

deflection of the element produced by the applied load. they can be us
a. Under the acton of external loads, a structural It is convenient to consider the resistaiie as an equivA. (1) The

element is deormed and internal forces set up. The lent load in the same manner as the applied load, but (pam 5-10c) IT
function of those internal forces is to resist the move- opposite in direction. The variation of the ristance the vertical an.
ment of the mam; hence the sum of the internal forces versus displacement is expressed by a resistance-deflec- (2) Oppom
is defined as the resistance. The resistance of a strue- tion function and may be rapreeent6d graphically. An provide the sA

5-7



idealised resistanee-deflection function for an element metrical yield line pattern results. To achieve this, the
stance- spanning in two directions and oovering the complete reinforcing steel must be symmetrical about the center-
two di flexural range to incipient failur is shown in figure 5--. line of the element; however, the reinforcement across
ito ine b. Initially, as load is applied to the element, the the positive yield lines can be different from that across

as lo element deflects and at any instant exerts a resistance the negative yield lines, and the reinforcing pattern
cts an( to further deformation, which is a function of its unit in the vertical direction different from that in the
format stiffness K, until the ultimate unit resistance r,. (total horizontal direction.
intil th resistance is r.A where A is the element area) of the (3) All edges with the exception of free edges
r.A w element is reached at deflection X,. This initial portion must be fully or partially fixed, or simply-supported.
ched a ~ of the resistance-deflection diagram is composed of the (4) Elements must be of constant thickness.

nee-de elastic and elasto-plastic ranges, each with its corre- (5) Any openings must be compact in shape and
dasto-p sponding stiffness, the transition from one range to small in area compared to 'ýhe total area of the panel
fness, another occurring as plastic hinges are formed at points element (para 5-10d).
ring as of maximum stress (yield lines). The number of elasto-
streas plastic ranges required before the ultimate resistance 5-10. Ultimate Resist•nce
a requi of a particular element is reached depends upon the a. General.
ar e type and number of supports and the placement of the (1) The ultimate resistance of an element varies
nber of reinforcing steel, as (a) the distribution of the applied loads, (b) the
eel. c. Once the ultimate unit resistance r, is attained, geometry of the element (length and width), (c) the
.e ultin its magnitude remains essentially constant until de- amount and distribution of the reinforcement, and
,e rem flection X, where failure of one or more of the supports (d) the number and type of supports.
here fa occurs resulting in a loss of strength and a drop in the (2) The distribution of the loads depends upon
ng in resistance. This point is referred to as partial failure the design range of the element, i.e., high, intermediate,
his poi and denotes the deflection after which all further or low pressure. At the latter two ranges, the blast

the flexural action conforms to that of a one-way element, loads acting on an element are usually fairly uniform
n con The element, spanning one way with the reduced post- even though they vary with time. On the other hand,
spann ultimate resistance r.,, continues to deflect until the at the high-pressure range, the blast loads are variable

stance uftimate deflection X. is reached which is the point of across the surface of the element. However, results of
setion incipient failure. Any further increase in deflection tests have indicated that for elements which utilize
lure. beyond this point results in total collapse. laced reinforcement, a good estimate of the resulting I
pint rd. When the element in question is initially spanning deflections can be made using the resistance functions

ae ele in one direction, the deflection X, at partial failure is conforming to those of uniformly loaded elements.
ion, th numerically equal to the deflection X. at incipient (3) The remaining three parameters, which affect
equal failure, and therefore a partial failure of the element the magnitude of the ultimate resistance, are pre-
therefo results in total collapse without the latter range of determined by the requirements of the protective struc-
tal col deflection described for the two-way element. ture (where the element is used) and the magnitude
cribed e. In subsequent paragraphs of this cha-pter, various of the blast output.
quent procedures, equations, and illustrations are presented b. One-Way Elements.
xpatio to enable the designer to determine the resistances, (1) For one-way elements (such as beams or slabs)
Le desi delections, and other quantities necessary for the design with nonelastic distribution of reinforcing, the ultimate
rid oth of both one-way and two-way elements. The procedures resistance is a function of the moment capacity at the
ay an outlinod are general as are the equations appearing in first yield plus the added moment capacity due to
genera the text, unless the equations are given as part of an subsequent yielding at other critical sections. The ulti-

s the illustrative example. These general procedures and mate resistance of an element with an elastic distri-
LxaMPl equations are applicable to all situations; however, bution of its reinforcing steel, and also for cantilever
e app certain illustration. (figs. 5-9 through 5-11 and figs. and simply-supported elements, is based on the moment
rations 5-14 through 5-19), and also the equations appearing capacity at finct yield since all critical sections yield

5-19 in certain tables (tables 5-5 through 5-15), have been simultaneously.
)les (t derived for specific cases most often encountered in (2) Values of the ultimate unit resistance r. for
pwecific practice and are necessarily restricted in application. several one-way elements are shown in table 5-5 where
are n the The following requirements must be fulfilled before the following symbols are used:

g req load. they can be used. MN - ultimate unit negative moment capacity at
ised. uiva- (1) The reinforcing steel across any yield line the support

ref , but (para 5-l13) must have a uniform distribution in both Mp - ultimate unit positive moment capacity at
must ance the vertical and horizontal directions. midspan

Laho eflec- (2) Opposite supports of two-way elements must L - span length•
s .it An provide the same degree of restraint so that a sym- The procedure for determining these resistances is simi-

Same
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POSITIVE YIELD LINES

j

I00,

FOUR, EDGES FIXED

101

01

IV L

THREE EDGES FIXED AND ONE EDGE FREE

1 10

h TWO ADJACENT EDGES FIXED AND TWO EDGES FREE
d!

Figure 6-7. Idealized yield-line locations for several two-way elements.

lar to that outlined for two-way elements in c below, (2) Tests indicate that the actual location and
except that no moment variation is used. extent of these lines differ oidy slightly at failure from

c. Two-Way Elemends. the theoretical ones. Use of the idealized yield lines
(1) In the design of two-way elements, it is not results in little error in the determination of the ultimate

f necessary to define accurately the stress distribution resistance, and that error is on the side of safety.
during the initial and intermediate stages of loading (3) Generally, the yield lines are determined from
since the ultimate load capacity can be readily de- the condition thnt the unit resistance must be the same
termined by use of "yield-line procedures". The yield- for all of the sectors formed. The comer sections of
line method assumes that after initial cracking of the two-way elemunts are stiff in comparison to the re-
concrete at points of maximum moment, yielding mainder of the member; therefore straining of the
spreads until the full moment capacity is developed reinforcement which is associated with the reduced
along the length of the cracks on which iailure will rotations at these sections will be lesm. To account for
take plece. Several illustrative examples of the simpli- the comer effects, the design of any one particular
fled yield or crack lines for two-way elements are sector of a two-way element should consider a variation
illustrated in figure 5-7.

S/
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of the moment capacity across the yield lines rather by solving the equations simultaneously or by a trial EMvN+

than a uniform distribution, and error procedure noting that the unit resistance of Rr ..... C

all sectors must be equal.

Table 5-5. Ultimate Unit Resistance for One-Way Elements (6) To illustrate the above procedure (equation Ly
5-23), consider the two-way element shown in figure A,=

Edge conditionA Ultinate unit 5-8 which is fixed on three edges and free on the fourth, 2
resistance r. and where the nomenclature is as follows:

S2MN L = length of the element r.(Sector I)
Cantilever V H = height of the element

x = yield line location in horizontal direction For the trap4

y = Nield line location in vertical direction

Simple supports 8M Mv = ultimate unit negative moment capacity in
the vertical direction ZMH W=Mr

Mvp = ultimate unit positive moment capacity in the
S• 8 vertical direction

Fixed supports ' S(MN + A) MIN = ultimate unit negative moment capacity in
the horizontal direction MM11 IMI

MP= ultimate unit positive moment capacity in
the horizontal direction

Fixed-simple V (Mv+
2
Mp) (7) The nomenclature as stated in (6) above is

supports trictly applicable to two-way elements which are used ! (L\
L as walls. However, when roof slabs or other horizontal 3 2

elements are under consideration, the preceding nomen-
7.. (Psi)
MN. Mp (in.lb/in.) clature will also be applicable if the element is treated Rt 2MIIN-
L (in.) as boing rotated into a vertical position. =

(8) The first step in the solution is to assume the

This variation is approximated by taking the full mo- location of the yield lines as defined by the coordinates

ment capacity along the yield lines, except in the x and y. It should be noted that in some cases, because I/
corners where two thirds of the moment capacity over of geormetry, the value of x or y will be known andAtfi

the lengths described in figure 5-8 is used. The variation therefore need not be evaluatod. In this example, the

applies to both the negative moments flong the sup- negative reinforcement in the horizontal direction at
ports and the positive moments at the interior, opposite supports is assumed to be equal, and therefore r, (Sector I I

(4) In order to calculate the ultimate unit re- the vertical yield line is located at the center of the
sistance r. of a two-way elemeut, the equation of span, and the value of x is numerically equal to L/2
eqiilibrium of each sector formed by the yield lines (a, fig. 5-8). However, in other cases neither the
is expressed in terms of the moments produced by the location of x nor y will be knovtn, and the solution (10) E(
internal and externad forces. The sum of the resisting will require the determination of both coordinates, of equilibrit,

moments acting along the yield lines (both positive (9) Once the yieid lines have been assumel, the zoidal (II)

and negative) of each sector is equated to the moment distribution of the resisting moments along the yield viously, the,

produced by the applied load about the axis of rotation lines is determined. In the ease at hand, the reduced or by a trial

(support of the sector), assuming that the shear forces moments, as a result of the increased stiffness at the values of y 0

are zero along the positive yield line-s, corners, act over lengths equal tot x/2 and y/2 in the (Sector I) is
Z-MNR2ecr.A c Equatbon 5-23 horizontal and vertical directions, respectively (a, fig. If a numeri(

5-8). The equations of equilibrium are then written for (equation ),-

where ZMN = sum of the ultimate unit resisting mo- each sector with the use of the free body diagrams or r,, then
ments acting along the support (nega- (b, fig. 5-8). For the triangular sector I In this exa

tive yield lines) L L\ @ pattern (x_

ZMP - sum of ultimate unit resisting moments 1MVN -=MvN + MV+ v =MvNL (three sides

actiag along the interior failure lines (44) 2 (11) TI

(pisitive yield lines) Equation 5-24 applicable fh

R = total ultimate resistance of the sector L L) @ 1 , reinforcemor
c = distance fLm the centroid of the load TMvfi 1vp (4+- +M p 42 equal at th(

to the line of rotation of the sector would have

r. = ultimate unit resistanne of the sector Equation 5-25 had to be c(

A - area of the secor (12) Si

(5) Once the equations of equilibrium are known C1 =y- Equation 5-26 5-35 reveals
for all sectors, the ultimate resistance is obtained either function of

5-44



trial ZMVN+ZMVP 5L(MVN+MVP) of the sum of the unit vertical to horizontal moment
le of RJ" C, 2y Equation 5-27 capacities as follows:

atioi r. (Sector I) -r. (Sector II) Equation 5-36
figure A,= Equation 3-28 5(MvN+MyP) 4(MSN+MHP)(6H-y)
nirth, =2 5(

y• L-(3H-,2y)

r.(Sector P = -15( -+Mvp) Equation 5-29 Equation 5-37a
A, Y

For the trapezoidal sector 11, a similar procedure gives L2 (MVN+MV) (6-y

ZMHN= MMN (Y)+M., (H-y;)=M. (Hiy ( NquatiPn 5-37b
tilte H2 (MH~q'+Mnl,) 5H1 (3-2H)

Equation 5-30

'. illii

Equation 5-31 L ( +Mv -'y Equation 5-37c

Hy+ L(M y (3_2
"oIIta" (, 262 - - Equation 5-32 L

m(ell-

,ated ZM,,N+ZMHP (6H1-y) (2H-Y) (MHN+MHP) (13) Values of the ultimate unit resistance for
1 C1 L(3H1-=2y) several two-way elements with various suppor6 con-

the ditions are given in table 5-4, the nomenclature con-
ates Equation 5-33 forming to that previously listed. Yield line location

aRue IL L(2H-- ratios xiL and y/H for the same elements are depicted
and Ar-.% (H+H-y)= Equation 5-34 in figures 5-9 through 5-11. It should be noted that
t the 224 the nonfree edges are designated. as being simply-

il at supported or fully or partially fixed. However, the
'fore r,,(Sector II) = Hit R 4(MuN+MIp) (6H-y) number of instances when simply-,iupported edges are
the Air L2(3H-2y) encountered will be limited.
L/2 Equation 5-35 d. Openings in Two-Way Elements.
the (1) The use of openings in two-way elements,

tion (10) Equations 5-29 and 5-35 are the equations whether for access as a door opening or for visual
of equilibrium for the triangular (I) and the trape- communication as in the case of observatiou ports, is

tthe zoidal (II) sectors, respectively. As mentioned pre- permissible with certain reservations. It is difficult to
.ield viously, these equations can be solved simultaneously state exact rules concerning openings, but their effect
ced or by a trial and error procedure. In the latter method, on the design is generally a function of location, size,
the values of y are substituted into both equations until r. and shape.
the (Sector I) is equal to r. (Sector II). (9) Small compact openings with approximate
fig. If a numerical solution based on the asove procedure areas of less than 5 percent of the panel area and
for (equation 5--23) yields negative values for either x, y, located away from regions of high stress can usually be

Ums or r., then the assumed yield line location is wrong. ignored in the design, However, as in the case of con-
In this example, the only other possible yield line ventiorial design, reinforcement at least equal to the
pattern (x•L/2) would be as shown in figure 5-7 amount interrupted should be placed adjacent to the
(three sides fixed, one side free). opening. For example, in figure 5-12 the opeuings

(11) The solution of equation 5-23 is univerbally shown in (a) and (b) can be disregArded. If the opening
24 applicable for any two-way element. If the negative in (b) were made more rectangular as in (c), then the

reinforcement in the horizontal direction had been un- design must be modified to account for the change in
equal at the opposing supports, the value of x L/2 the yield linen and hence the change in the resistance.
would have changed, and all three sectors would have (3) Door openings invariably require special anal-

25 had to be considered to determine x, y, and hence r.. ysis because of their size, As depicted in (d), (e),
(12) Simultaneous solution of equations 5-29 and and (f), figure 5-12, the presence of door openings

26 5-35 reveals that the locations of the yield hnes are a causes gross relo(ations of the yield lines which gener-
function of the ratio of the spans L/H and the ratio ally propagate frcm thd corners of the openings. Since

~ A
I-.- Al~*
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TIAdUO rondi

u Two adjacent ed
ported and tw.
free.

Three edges supl
one edge free

71i

V.

Four edges suppc

the door also sustains the bloast loading, concentrated about the line of rotation of the sector being considered.
line loads are present around the periphery of such Solution of elements with openings is most easily ac-
openings. These concentrated loads must be included complished through a trial and error procedure by
in the analysis since they change the resistance. As setting up the simultaneous equations for each sector ________

previously outlined for solid elements and for this case and assuming various values of x and y until the
also, the yield line locations are assumed and each several values of r. agree to within a few percent.
sector is individually analyzed. The presence of line r.(ps)

lodsmoifeseqaton5-3o5-11. Post-Ultnimalo Resistance MV n.b

j MNZo-r.4 M modifien eqato3523t a. In general, the two-way elements described in (i.

this manual exhibit a post-ultimate resistance after
where M, is the moment of the concentrated loads initial failure occurs as indicated in figure 5-6l. Prior

U 5-12
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Table.5 9. General and (Utimate Deflectione for One-Waiy tlements

flit fltance r., Ed&, conditions Maximum deflection X. Ultimiate defletion X.

,ilever
Cantileve, L tan 0 L tan 12'

Afvp)/iI'

MHp)/L'

Simped supports 2 2

Fixed oup-• - - L tall 0 L tan 12I
2 2

e~d-simpi 0Ltn a 2Fixed-simple supports L0
2 2

Mvp)/H' L

jp)/L'"

eg .ý.+ L (in.)

,Mup)/LI 0 (deg'
this p
ec~tios to this partial failure, the element. is spanning in two ature between the hinges. For one-way elements, the
;isitanc directions with a resistance equal to the ultimate unit rotation continues and the deflection increases until
lure o resistance r,,. At a particular deflection, denoted as X 1, either the maximum deflection X,. is reached or failure
d the failure occurs along one side or two opposite sides, occurs at a 12-degree rotation. The equations for the
Auced and the element then spans in one direction with the maximum deflection X. in the range 0•<X,<X,, for
ilure reduced post-ultimate unit resistance r,, until complete several one-way elements as a function of the rotation
it xii ~failure occurs at deflection X.. One-way elements do angle 0 and the ultimate deflection X. are given in
b. The not exhibit this behavior, table 5-8, where the values for X. are based on the
emence b. The location of the yield lines determines the development of a maximum support rotation of 12
nanati Mvp)/Hl presence or absence of this range. If the yield lines degrees prior to failure.

degre emanating from the corners of the element bisect the c. Actually, the maximum support rotation will vary
ousl MHP)/L' 90-degree corner angle, then all supports fail simul- with the geometry of the element. Tests are currently

taneously and there is no post-ultimate range. As pre- being conducted to determine this variation. In the
irticul viously shown, the location of the yield lines for a interim, and based on present data, it appears that a

the u particular element is a function of L/H and the ratio 12-degree rotation can be used as the criteria to define
C Po MHp)/L' of the unit vertical to horizontal moment capacities. incipient failure of flexural elements.

iown 1 c. Post-ultimate resistances for two-way elements are d. For two-way elements, the rotations of all the
-12. Mvp)/H' shown in table 5-7. sectors must be considered in order to define the de-

flections at partial and incipient failure. Prior to partial
a. Pa 5-12. Partial Failure and Ultimate Deflections failure (0•X,<.•X 1 ), the maximum deflection is a func-

nd ulti na Partial failure defles 'ions X, for two-way elements tion of the larger angle of rotation formed along either
ray Ce and ultimate deflections XZ for both one-way and two- the vertical or horizontal supports. At deflection X1 ,
f tie e way elements are a function of the angle of rotation this larger angle equals 12 degrees and failure occurs
Betors of the element at its supports and the geometry of the along this support. Beyond this point, the element

b. O sectors formed by the positive yield lines, spans in one direction until the angle of rotation at the
iomea b. Once the ultimate resistance r. is reached (full adjacent supports (in the direction opposite to that
tructu moment capacity developed along the yield lines), the at which failure has already occarred) reaches 12 de-
vith n structural element becomes a mechanism which rotates grees at which time total collapse occurs (X.,.=fX.).

with no furtk..er increase in either the moment or curv- e. To illustrate the above, consider a two-way ele-

5-13ifr
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ment (fig. 5-13) w]and whose positivw
x<L/2 and y=Hi
tation in the horis
ports) and Ov as t

B horizontal support:
the center of the
flection X, is

• • i"H tanl2"
A4 A __________ and at thý, partial

12 degreesH t n 2

L f. ieferring to
deflection X, is in,
the value 0 which

X,
B O = tan-' --t =

ELEVATION YH/2
g. As the elemne

rotation Ont increwc

off = x+0t

where A is the atir Atwo-way element
19 1^°0, does reach incipi(

in the range X 1 <./E

X. = x tan~l +(

When Oi equals 1

H/" ,at incipient failun

X,, H x tanl2'+C
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ment (fig. 5-13) which is fully restrained on four edges more elasto-plastic ranges. The elastic unit resistance

which and whose positive yield lines are defined by H/2<_ r. is defined as the resistance at which first yield

ivI) ,i( x-<L/2 and y= H/2. Denoting 6,7 as the angle of ro- occurs; similarly, the elasto-plastic unit resistance r.,p

/2,r tation in the horizontal direction (along vertical sup- is the resistance at which second yield occurs. Where

ports) and Ov as the vertical angle of rotation (along all hinges form in a member at one time, r. will be

the v horizontal supports), the maximum deflection X., at equal to the ultimate unit resistance r,.; where two or

rts), t the center of the element prior to reaching the de- more hinges are formed at separate times, the maximum

elen flection X, is value of r, will be equal to r,. (depending upon the

H tanOv hinges formed, one or more values of r., may exist).
ý= 2. Equation 5-39 b. The above resistances for one-way elements are

2 listed in table 5-10. In those cases where the elasto-

and at the partial failure deflection X, where 0. equals plastic resistance is equal to the ultimate resistance,

% filh 12 degrees the value can be determined from table 5-5.

H tanl20 c. The determination of the elasto-plastic resistances
X,=- 2 Equation 5-40 of two-way elements is more complicated than that for

one-way elements, since the resistance varies with the
f. Referring to figure 5-13, the deflected shape at span ratio and the placement of the reinforcement.

figui deflection X, is indicated by the solid line and 6, has Data for calculating the resistances of two-way ele-

indica the value # which is defined as ments during the elasto-plastic ranges are presented in

h is d figures 5-14 through 5-19.

= tan-I X=--ta-ll tanl2- Equation "-41 d. Figures 5-14 through 5-16 are for a two-way
x 2x element initially fixed on three sides and free on the

ta H- fourth, while figures 5-17 through 5-19 are for elements

initially fixed on four sides. The resistances in each
g. As the element continues to deflect, the.angle of range can readily be determined using the coefficients

rotation Oi increases, its magnitude becoming equal to 0, the subscripts referring to the points listed in the

oiles, = Equation 5-42 accompanying illustration. For example, in figure 5-14,
for an element fixed on three sides and free on the fourth,

where X is the angular rotation in excess of 0. For a if the ultimate unit resisting moments M,. are known for S
two-way element which undergoes partial failure but points 1, 2, and 3, a resistance r for each point can be

angula does reach incipient failure, the maximum deflection calculated from

3ient in the range X, X. < X,. becomes

S X.M =OrH' Equation 5-45
X~x tan0~,. + --x tan(Oi--) Equation 5--43S=Xby finding the corresponding values of 0. The smallest

2 of the three values (say at point 2) corresponds to the
When Oi equals 12 degrees, the ultimate deflection X. first yield and is equal to r., Next, the. moments at the

12 d at incipient failure is remaining two points are computed for this value of
ire is /L \ tanl2* r., and the differenees between these and the ultimate

X'. =xtn2z tan 12* -tan 2x values are determined. These differences, represent the
L 1 -- remaining moment capacities available for additional

H load. At r,, the element supports become free, fixed,
Equatin -44 and simply-supported on opposite sides. Using the mo-

Equation 5-4 ment differences and entering figure 5-15, two values

Equations 5-39 through 5-44 are specific for the two- of the change in resistance can be calculated as above,

thin way element described in figure 5-13 and will vary for the smallest being Ar and then

scribe other two-way elements with different geometry. r, -r, 1 Equation 5-6
eleme h. The maximum deflections X. for several two-way

num elements in the ranges 6< X,. < X, and Xi< X. < X. as In similar fashion, the resistance at the end of each
range a function of the rotation angles OH and Ov are given in range can be determined until the ultimate unit re-
.e rota table 5-9 along with the values of the partial failure sistance r. is reached. A numerical example illustrating

with (X1 ) and ultimate (X.) deflections. The support which the use of these charts is presented in appendix 5A.
ate ( fails at partial deflection X, is also indicated.

leflect 5-13. Elasto-Plostic Resistance 5-14. Hlasto-Piastic Sliffneses a.wd Deflections j.
i-Plo a. The initial portion of the resistance function (fig. a. The slopes of the elastic and elasto-plastic ranges

I port 546) generally is comnposed of an elastic and one or of the resistance function are defined by the unit stiff-

is co



COP

Table 5-9. Gerteral, Partia~l Failure, and Ultimate Doj

FAVu corulitions Yield lin locatio --t Maximum deflction J

Two adjacent edges supported and X.< H 2tan O f lt
two edges free*. 

X HHtnO a i L -x a

L~~~i, '1 :5L y tan Ov L t

LY>-L L tan* ON Vtan Ov+(ll-t) tan

Three edges support.-d and one XX<H X tan v H I
edge free".

Xýll H tan ev ztanfn+Q-)tr

1!5 y-- tanne (i-Oa
2

Four edges supported. 11S z anO

H H tan ev O
2 t2 N( 2 7)ta

L L

L L tan~e Om ~ lv -t

y2 2Y ID#+2 t

X.. X. X1.. X, Vt. L. H (On,)

""k.thue element has:~1) a Ample horisonati sujpport and x <H
2) :aimple vertical support sawdzI
'3 impl~e vr upport MWdy <kAimple horesonai support end v >LX'- .X& ifte ,d1M edsovit.l to the fIn edge is simiply supported and z <VI

,Lw-
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-9. ~wro, Ptfia Faiurecnd ~ fm e Djctioms for Two-Way Rlementte

1 -~~~ Maxitnam deflection X., Partial fiaur* Ultimate deflection X0  UrrtIlI

(0OSX" <XI) (XI <X0, <X.)

x tan ON H tan Or x tan l2* H tan 120

H tan ev X tan OH + (L -x) tan [r OYtan'I (7k-)] H tan 120 xtan 12*+(L-x) tan [12*ts-tan "*)]j0\ L
L x/11 ,/ j

y tan Ov L tan Ox y tan12' L tani12* L

F /tanH1 L (anH r 20 . 12e!f
Ltan Ov y tan Ov+(H-ij) tan Lv-tan -I~~ Lj tan 12' Vtan 12'+(H-ytan L kv/L/J

x tan Ov 11 taneOv x tan12* H tan 12' H

HI tan ey x tan *t+I-)tan m- a- tan z/H h tan 120 x tAn120+(!ý- tan 12-anz/ta/1J

Y a VL tan Oily an12 L tan 120Lytn tn2 2L

ta (ta L120\12
L tannfv+G tan tan Ltan-~n&ý 12 YtAn12*+(H-y)tafl12o.tn-8 t~Fl..i. I H

- tae+(-fta~v-tn y/L7" 2 2y/L

XtaflH Htanae O H t~ 12 H

H tan Os xL F tany) Htn2* H

H tan Ov LtfG tn2Lal 0 L1

Lt]~ R tan'\ L 2 tan 120 \
2 (21 2/J 2 \2/L 2AL

5-15
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-- CURVES EXTRAPOLATED
0.6 , 0.12 Cantilever

051 "r It Simple supports.

2~~ 1T +4'

_fI63,uld Fixed-sml supports .

'titisth ni

0.07 tfni i eoe

0.01areF isted-s inpl tablerts.

mouu1f4lsii
0. 0.06- n sa lnt

1.0L 0 ecmptdfrmeNfL A
2ý 17E.

Muj0.05
Xx Onb/H".

P~gw 5-14. eflctio an mone~ia fo umorm4 bated wo-ay e~wnnJ wt/~lhrc ede~ ~zedand 1, (in.)ee



Table' 5--J0. Ilaato-Mi'ntic Unit Resistances for (Mo.Way Bletente .

Coantlever r

Simple supporti.-

Fix~ed supports.12N.

rt.Fixed-simple supports, LITS~

MN (in.-lb/in.)

ness K of the element: c. For two-way elements, the -y coofficients presented
me It irn figures 5-14 through 5-19 are used to determine the

K = -: Equation 3-47 deflections at the end of each range of behavior from

where r is the unit resistance and X is the deflection XD = -rrH4  Equation 5-48
niit r corresponding to the value of r. 'The elastic range unit where D, the flexural rigidity of the member, IS defined
the stiffness is denoted as K., the elasto-plastic range as as

bed K.,, while in the plastic range the stiffness is zero.
pig b. Ela-sto-plastic unit stiffnesses fcr one-way elements D = FI.Equation 5-49

ýic un are listed in table 5-il as a function of the concrete b (1 -~ 0)
le 5 - modulus of elasticity E~, average moment of inertia
bicit"k I., and span length L. Knowing the stiffnesses, the and v is Poisson's ratio. An illustrative example in
igth corresponding elastic and elasto-plastic deflections can which the deflections and unit stiff neseis of a two-way

isti; be computed from equation 5ý-47. element are computed is given in appendix 5A.

M ell

Ut 77
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o.oa -- CURVES

0.56 0.0002

0.02

M 0.00rH

X0.04-H
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4,L

Si pl supp rts "445t. " .. '

81.1. 3841.1.

Fixed-simple suprs WL 5bL 4

E., KP( psai /n)f b. L (in.)

Secton IV. RESISTANCE-DEFLECTION FUNMTONS FOR DESIGN

5-1S. GeneralI chapter 6 may be sim~plified further by replacing these
The esitaue-dflecionfuntio use fo deignde- functions with ai, equivalent elastic resistanue-deflection

T4 rensisac-elcinfnto sdfrdsg o function defined by Ki and X, as indicated by the
pend upn th maimumdefecton X. o theeleent dotted lines in figure 5-20. The equivalent elastic unit

being conisidered. This maximum deflection can be 9tfns sand the equivalent maximum elastic de-
* ~~~~~categorized as either limited or large. When the mnaxi- fecinXarcauatduhththeraudrte

mum deflection falls within the limited deflection range, dottedo Xurv is eqlulale to hha the area under the sldcre

the th vaiaton f te rsisanc wih dfletio in thereby producing the same potential energy in each
the elastic and elasto-plastic ranges must be oonsidered.
If the maximum deflection is within the large deflection yse.Tequvlnmaiu eltcdeetonX

1 1 41rangethe elastic and ehasto-plastic rangas need not be for the two-step and three-step systems shown is ex-
rage pressed by equations 5-50 and 5-51, respectively.
sionsidered. The demarcation between the two range.
differs for each element, but tests have shown'.hat for
the design of elements with maximum support rotations X - X.+Xjp I_-,. 6queil@ -5-S
greater than 5 degree., the error resulting from the r.)
omission of the elasto-plastic portions in an analysisr\
will be negligible. XB - X,)x. (r,) 4 L

When designing for limited deflections 6•) the Teeuvln lsi ntsifesK nec ni
maximum deflection X. of the element will be smhaquvlnteatilntlernesK i ah aei
thart the partial failure deflection Xi, and the resistance equal to
function for design takes the form shown in a, figure
5i-20Ofor atwo-step system or b, figure 5-20 for athree.- Ks,--1quO 5/ step system. The method of analysis presented inX,-5
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0/ 1 7.-.1

N0.06000

her by replacing these
tic resistance-deflection OC0
a as indicated by the, 8
equivalent elastic unit
maximum elIwtic de- 00 .0

hat the area uiider the
under the solid curve, 00 -Ctntial energy in each
melastic deflection XI,

systems shown it. ex- 00,....51, respectively. .LO010
H/ L

_e quation 
55

M.,

Equatlon 5-51L

eaKi, in each caw is tp frufrfjlad vta em vi U g.am7upo..

Equuhfcr, 5-52

4-19
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5-17. Largo Deflections is approximated by at constant plastic range resistance
as shown in a, figure, 5-21, while for twa.-way elements

'When designing for large deflectionis (a.,> 5*), assume the resistance function beommes that shown in b, figur
that the resistance rises instantaneously from zero to 5-21 where the maximum deflection X,. can be eitherfite ultimate value r. at the onset of the blast loading, smaller or larger than the partial failure deflection X1 .
For one-way olements, the design resistance function

EQUIVALENT RESISTANCE FUNCTION

' l

wrep

$K K

DEFLECTION5-3 Geea

a) THRE STEP ELASTO--PLASTIC SYSTEM a.TeIitmt

if the if*KEfl



resistance
elements

n nb, figure r

Wbe either4

DEFLECTioN

a) ONE-WAY ELEMENT

W I

zx

DEFLECTION

b) TWO-WAY CLEMENT

PFrusr 6-91. Reoiskcse-'JYdcit fautctionore Woo doife dJICioII9 > 5*).

Soction V, ULTIMATE SHEARS AND SHEAR STRESSES

nerol 5-1S. GenmaI deflection X1, T, 9 . In the latter caw, the shear fwe~ws are
.aiistributed as the spanning changes from~ two-way

imate a. 'rhe ultimate shear V. at any section of a flexural elements to one-way elements afte~r partial fno~e.
Lfune e!ement is a iunction of its geometry, yield line lo- b. Generally, there are two critical locatiuwis whare
unit nations, and unit resistance r. For one-way elements, shear must be consdered: (1) at distance d pr4 from
)shea, the ultimatf, shear is developed when the resistartco the supports for checking the diagonal tonsiaft stresses

Adlthn reaches the. ultimate value r.; for two-way elements the and providing shear reinforcement (stirrups or lacing)
or maultimate shear may occur when the resistance is r. or, if noecvAry, and (2) at the supports whom *9u direct 6
*una d if the maximum deflection X. exceeds the partial failure shear forces must be determined. For ko~sln (1)

N _ _ ------
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T'ab6-15, ULEimnt Suppwto Shears for One-Way Elements shear is assumed zero along the yield lines, the total
_-- shear at any section of a sector is equal to the resistance

Ede* condition. Support she•r V, r. times the area between the section being considered

err -and the positive yield lines. Referring to figure 5-22,

Cautilever the support shear V.v for the triangular sector I is

Fixed supports Iq 2 Equation 5-53a

MR/ L V'v = 3rty Equation 5-53bAT d. FROM 5~="-
V. (Itm/In-)

SUPPORT r. (Wb/i)
L (in.) and for the trapezoidal sector II

6-ZI( ) ( -# L H-_Y+H)

~%JJTable 6-i~s Ultimate Shear Stress at Dialasmc. d. From F'ace of 2~i 2. (2 2)r,()iir1+
jS-pporl fot One-Way Element Equation 5-54a

Edge conditionm Ultimate sheer
- trew v 3rtL(2-

eilever V3 H.(L-d.) 
VH, = Equation 5-M4b

H . ,L Cantilever do 6dH

i sup Fixed su______ b. Utilizing the same procedute as that used to de-

Fited supports r.(L/2-d, ) termine the shear at the supports, the shear VdV and
s searss v.v at distance d. from the support for the

__ _triangular sector I is
d, (it

L.... (InL dL +L -d.L) V (L\

(pt G -Ty 4 y Equation 5-55a

Aon above, the ultimate shear stress v,. i required, while at =,' dAL- Lt,
ied. location (2) above, the ultimate support shear V. is

needed.

atio 5-19. One-Way Ilements 3r41 (-
r Equations for the ultimate support shears V. for one- VdV = Equation 5--51b

i way elements are given in table 5-12, and the ultimate / d.\
adi shear stresses v, at a distance d. from the support are 5- 4

given in table 5-13 where d. represents either d or d.,

0. depending upon the section type being considered.

Fo 5-20. Two-Way lonment. arid, since the shear stress v. is equal to -d- and b equals
rmIn a. For two-way elements, the oritical sections for

shear must be checked at each support. The shears one inch
acting at each section am calculated by use of the

"ia "yield-line procedure" previously outlined for the de- 3r. I

termination of the ultimate ristanee r,. The shear -Y)
hn along any section pwflel to the support is assumed to V.V Equation 5-36
Oe vary in the same mamnn as the moment varies (I V d. (5-- 4d

at the corner. and V elsewhere) to account for the y
higher btiffnem of the oorner (fig. 5-22). Since the

S-21

, .. . .. . ., =

! .. | ifallal• | libammm4 lilm )A
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For the trapezoidal sector 11

VJV~ (~J+ Vdn (H~~ -qato Equatio 23j-5d

sete in ta2 Equ1io whero a .6 g ai dý.y i ihrdo ~

-d.) ( -y+H-ýflYctio Valuis exeeed theliaesepor sle aen s mus be d cheke

2dH 2 Eqato for asera one -way elements w dthited post-liatoe aresistane-
/ dh\re.Teeuain rsented in tables 5-12 and fo5heutmaesha 1trse

2~6 L are used replacing r, by r. arnd using either L or H
for the L given, as required.

IL
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Table 6-14, Ulimaie Support Sheara for Two-Way Blertenlo

Edga conditiona Yield line locations Limits Horimontal shear V.H Verttckl #near V."

3r.H 2-

Two adjacent edges supported 'x<L 3rx

anid two edges free. (6-;

3r.L 2- "

Vhree edges aupported and one 5 <r2 5
e d g e fre e , 3 -1

(L)

z, •,/ 5, ( (-a,)

L 3rx •-
Four edges supported.-

f de(2 (3

H~ ( K
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Table 5-15. Uli*mate Shsear Streae at Dietanoe d. From the Supvorte for

rdge cond~tions Yield lop'aticm Lim~its Ultimate horisontal @hear strea *.H

0 (d./x),

Twoaraee t edges supported and une Od./x•:dx5-d.

2 (d./x)

G dIL < j3r. (I -2d./L) (2 - /H -d4I/LH

4d./L (I -2d~y/LH)

Foure edges supported.adon O<d./x:5* 3r..(0 - d.10)

free dge.d,./x(5-4d,/x)

2.(1 d,/x)

2d/ 6- 1 d.yIx

l i5-24(I-d~/H

Fouredge suporte. 0 d~lx5.

dC.-5- dx



",o 7 loat Distance d. From the StupporU& for Two-Way BeImenta

1!Itimate horisontal shear strom Y.pg Lirat. Uitim~.te vartical shear stroes #..v

3r. (0 -4d./x)2 0r (I/J -d./H f ( 2-4 - 1 -d~x/ HL)

2 /(54d./z) 2d./If(1 -x d.x/HL)

r.' (I -p/ d-4)<d.p/LH) r.( d./y)(2 x5-4d xI/p

d2/ (5-d./x) O2.H•Id./H (3 -/L44eHL)

LH) 3r( -d.L (2 -y H -dy/LH) 3r._____Y)

2d./L (6 - p/H - 8d.Y/LH) d./y(8 -4d4/y)

LH) 3r. (1 - d./L) (21-p/H -2d.V/LH) 0 5d./y •1 3r. (1 - d./#)'

2d./L (3 -/ -&4y/LH) d.p(5-d./p

d./x(-4d.x) d.H (3- x1L-d4/xIH1

4d./L (1 -4Pd.y/LH) 2d./y

3r ( -,,z~ 3. i-d1H ( -1L-@ 1IL

d~l ( -4d/x 05d/H5 1d.H 3 x1 -2 1HL



APPENDIX 5A. STRUCTURAL BEHAVIOR OF REINFORCED CONCRETE Step 6
ILLUSTRATIVE FJ.LAPLES

PROBLEM 5A-1. ULTIMATE UNIT RESISTANCE

ProbZems Determine the ultimate unit resistance of a two-way elf.ment
using (1) general solution and (2) charts (chart solution can only be
used if the element conforms tc. the requirements lisced in paragraph Step
5-9).

Prooeduve (Part a - Geniwtal SoZution), Step 8,

Step 1. Establish design parameters:

a. Geometry of element.

b. Amount and distribution of reinforcement.

c. Support conditiono.

d. Type of section available for moment capacity
Al (sec. I, ch. 5).

e. Static design strengths (table 5-4). Proeedu

f. Dynamic increase factors (table 5-3). Step 1.

Step 2. Calculate dynamic design strengths for concrete and reinforce- Step 2.

Ment. Step 3.

Step 3. Assume yield line location in terms of x and/or y consider-
ing support conditions and distribution of reinforcement
(fig. 5-7) and the presence of openings and reactions from Step 4.
blast closure systems (fig. 5-12).. Also denote sectors formed.

Step 4. Determine negative and positive ultimate moment capacities of
sections crossed by assumed yield lines (aec. I, ch. 5).

Step 5. Establish distribution of moments across negative and assumed
positive yield lines considering corner effects (fig. 5-8) and Step 5.
the effects of openings.

Step 6.

CI
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E, Step 6. Determine the ultimate unit resistance for each sector in terms
of x and/or y considering the free-body diagram of the
-ectors (fig. 5-8). Summation of the moments about the axis of
rotation (support) of the sector yields equation 5-23.

p ment 6EN + E.- = Rc - ru Ac

only be
agraph Step 7. Equate the ultimate unit resistance of the sectors aud solve

for tne yield line location x and/or y.

Step 8. With known yield line location, solve for ultimate unit resis-
tance of the element, using equations obtained in step 6.

Note:

Ip 8For complex problems (three or more different sectors), the
solution for the ultimate unit resistance is most easily accom-
plished through a trial-and-error procedure by determining r u

for each sector for a given (assumed) yield line location and
adjusting the yield lines until the several values of r agree
to within a few percent.

Procedure (Part b - Chart Solution):

Step 1. Same as step 1 of part a.

ce nforce- Step 2. Same as step 2 of part a.

p Step 3. Calculate negative and positive ultimate moment capacities in

nsider- vertical and horizontal directions.

p 2. rom Step 4. Calculate the value of the quantity

p 3. formed.

ies of L[ M  + j
p 4. MH .H

ssumed
-8) and Step 5. For given support conditions use appropriate chart (figs. 5-9

through 5-11) to obtain yield line location ratios x/L or y/II
for value of quantity obtained in step 4. Then calculate
x or y.

Step 6. Using appropriate equation from table 5-6, determine the ulti-
mate unit resistance of the element.

S6.

~ 5-25

1NEWT -~-.MOM-
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EXAMPLE 5A-l (A) - ULTIMATE UNIT FMISTANCEjReruired: Ultimate unit resistance of two-way element shown below using Ste,
1 general solution and (2) charts.

Step

240" 12ae

,,FREE EDGE OF

f

EA. VW,
EEA. FACE

-CL.-CL.

ELEWTION SECTION

Figure 5A-1

Solution (Part a - GeneraZ SoZution):

Step 1. Given:

a. L a 24 0 in, H - 168 in, Tc a 12 in

b. Reinf. - #5 Q 12 in. each way, each face (for placement,
see fig. 5A-1).

0. Three fixed supports capable of developing moment capacity
of element, and one free edge.

d. Type I section (concrete resists load).

o f" 3,000 psi and fs a 60,000 psi.A f. DIF - concrete - 1.25 and reinf. - 1.10.

Step 2. Dynamic design strengths

f dc a DIF fc - 1.25 (3,000) - 3,750 psi
fde a DIF f/ " i.1o 0,000) 66,000 psi



top 3 eloii using Step 3. Assumed yield line location (fig. 5A.-2).

top Step 4. For Type I sections, the ultimate moment capacityoneglecting
the small effect of the compression reinforcement, is given by:

A ( As fdo
u fd o0 .85 fdc b '

For all sections A - 0.31 sq in/ft. For b - 12 in

aE 0.31(66,000)
a 0.8(3.70 2 -0.535 in

a. HoraontZ Direotion

(1) Negative moment

d - 12 - (0.75 + 0635) -10.9375 in

H 12-31 (66,000) ( 10.9375 - 18,190 in-lbs/in

(2) Positive moment

d-12- (1.50 + -2) - 10.1875 in

M .- 2(66,000) 10.1875 -,, 16,910 in-lbs/i

b. VertioaZ Direction

cement, (1) Negative moment

Co.idom1 2- 1- ( . + . + 0.625) .10.3125 in

0.31 (66.000) 10.3125 - 5 17,130 in-lbs/in

(2) Positive moment

d -12- ( 1.50 + 0.625 + 0.625 9.5625 in
0.31 0.535

M - 0-1 (66,000) (9.5625 - - 15,850 in-lbs/in

lI

- Lm.. .. ........... ... ... . ... m. .... '•,.
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Fig~ure 5A-2. Dete'mtinat::lon of ul1timate unit.: resist~ance.
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Step 5. For distribution of momients across negative and assumed posl-

tvp lines, see figure 5A-2(a).

Stop 6. The ultimate unit: reaeitangce of each sector Is obtained by

Step 
taking the summation of the momenta about It* axis of rotation(support) so that

+u•N = Re 4 ruAc

P. 0otor IX (fig. 5A-2).

E% + 17,130 (120) + 2 (),(17.13)(6)
" 5,850 (120) + 2 ) (15850)(60) in-lb.

ruAc a r u [ 1 (68 40 r -2

therefore,

64 x 10O
u22

be sector Jr (fig. 5A_2).

E 5.5 + MlO -18,190 (168 - + (18,190)
0+ 

16,910( 168 -j) + 'T(16,910)()

-5,850 (1008 - y)

rF12cL16 + 168 - 1 8+

iic rJ 1201168 - 2 (68 vl

NN 4800 rU(25'2 - y)-( 52 - ) -

e.'
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Step 7. Equate the ultimete unit resistance of the sectors. Step 5.

164,900 1.219 (1008 - y)
2 (252 - y)

Y Stop 6.

simplifying:

3
"y - 1008y2 

- 135,300 y + 34,100,000 0

and the desired root is:

y - 134.8 in

Step 8. The ultimate unit resistance is obtained by substituting the
value of y into either equation obtained in step 6, both of Require(
which yield: 5A-1 (

closu
ru - 9.08 psi closu

Solution (Part b - Chart Solution):

Note:

Element conforms to requirements of paragraph 5-9 since it is
fixed on three sides and free on the remaining side (vertical
axis of symmetry) and has a uniform steel distribution in both
the vertical and horizontal directions. Also, the reinforcing
steel and hence the yield line pattern (whether x or y) are
symmetrical about the vertical aris of symmetry. (Equal posi-
tive and negative steel is not required nor is equal steel in
the vertical and horizontal directions.)

Step 1. Same as step 1 of part a.

Stop 2. Sam as step 2 of part a.

Step 3. For ultimate moment capacities see step 4 of part a.

Step 4. Calculate parameter

MVN+MVP 240 17,130 + 15 850 1.386

S+ " 18,190 + ,

V v,
, " :., F ,



p 5. Step 5. Froo figure 5-10, read yield line location.

y/H -0.803 ; y -0.803 (168) - l.4.9 in

p 6. Step 6. From table 5-6,

r (,V, MVP,) - 5 0.7.130 + 15.850) 9.06 pal
y (134.9)2

EXAIIPLE )A-10(B). ULTIMATE UNIT PESISTANCE

iired Required: Ultimate unit resistance of the element considered in example
,-,(A 5A-1(A) except there is an opeusing as shown below. There is no blast

losur closure system over the opening, therefore, no loads (reaction from
losur closure system) are applied to edge of opi.ning.

240" 12"

SFREE EDG 7A. WAY,
EA. FACE

- y p 77~7 ~ .- 'CL. I-CL.

ELVATION 6"SECC ION

7 '3

Fi[ r|. 5a-3

~o



Sol~ution:

Stop 1. Given: Same as step 1 of example 5A-.l(A), part a. Also,two
addirional free edges are formed due to the presence of the
opening.

Stop 2. Same as step 2 of example 5A-l(A), part 8.

Stop 3. Assumed yield line location is shown in f igure 5A-4.
(three different sectors are formed.)F''Step 4. Same as atep 4 of example 5A-l(A), part a.

where: MHN - 18,190 in-lbs/in M - 16,910 in-lbs/in

MV - 17,130 ira-lbs/in M.p - 1580in-lbs/in

Step 5. For distribution of moments a.cross negative and assumed posi-
tive yield lines see figure 5A-4. (Since opening is located

¶ at lower right corner, do not have reduced moment capacity.)

Stop 6. The ultimate unit resistance is obtained fromN

r,+ zM - Rc r Ac

a. Sector' I (fig. 5A-4). u

E:MM + EM - 18,190 168 )+ f (18,190) 2Y

+ 16,910 (168 Y-) + 1 (16,910)
2 3Y2

u5,850 (1,008 -y)

rAc m~ r xi (18 184y) [6;68+
u u[L 2  J 3 (168 + 6~YT

rx

Therefore,

r -17.550 (1008 -y
u 2x (252 -y)

AL A

7
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Also, two
of the

180-x 1-60

x ~240-x i

/in - -

/in

med posi- I
located Iwo

pacity.) /
-- / St

3/ ®

M ,I_•~-1,1" !11111 I I li-p

U -ILLUL-L U ,o-
8-i x/ 1I80 60X/

r .240

Figure 5A-4. Assumed yield lines and distribuftion of moments.
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b. Sector II (fig. 5A-4).

'HN+ 'MH 18,190 (80) + 16,190 (80) -2,810,000 in-lbs

Note:

The sector is divided into parts a, b, and c so that the cen-
troid may be obtained (see table below).

Portion
- of

rortion Distance from controid Sector

a (y-86) (180-x) (180-x) + 60 -360-x (y-88) (180-x) (360-x)
2 3 3 6

b (y-88)(6 0) 60 .(y-88)(60) 2

2 2
c

2
c (168-y)(240-x) 20xý6-Q0x

2 2

Acu EA c' (y-88) (180-x) (3 60-x) L=8 (0
6 2

+(168-y) (240-x) 
2

2

* .. (Zi~§2[(18o-x)36o-x) + 10,8001J+ (168-y)(240-x))

EMa+ "'HP
ru Ac

5,6201000

S[(l8O-xN#360-x) + 10,8001+ (168-y)(24O-x)
2

3I



c. Seotor III (fig. 5A-4).

EMVN + EMVp1 - 17,130 (180 - ~)+ (17,130)()

+ 15,850(180- 1)+ -T (15,850)(.) 5,500 (1080'-x)

Portion Distance from centroid ,SA'c
of Area (A') to axis of rotation

Sector (c ')

(180-x)(y-88) y-88 + 88 = _ -176 )(y-88)(y+76.

2 3 3 6

88 (180-x) (88) 2
b (180-x) (88) 2 2

2

_ _ _ 3 6

Ac - EA c - (180-x)(88) 2 2
"A EA c 2 + bY

6 ~ 2 6

l 180-xc) [(y-88)(y+176) + 23.2001 + x)

r NVN + EVPu Ac

= 33,000 ( 1080,-x•)

(180-x) L(y-88)(y+176) + 23,200] + xy 2

L j
- - -



Step 7. Due to the complexity of obtaining a direct solution for the
ultimate unit resistance, a trial-and-error solution will be
used (see table below).

x y rI r1  r11 1

125 130 8.08 6.73 9.59
125 140 8.70 7.19 8.69
130 140 8.05 7.74 8.66
130 145 8.38 8.00 8.23
132 146 8.19 8.30 8.13
131 145 8.25 8.12 8.22
131.5 145.3 8.21 8.20 8.19

Therefore: x - 131..5 in

y - 145.3 in

r - 8.20 psi

3 PROBLEM 5A-2. RESISTANCE-DEFLECTION FUNCTION

Prob~em: Determine the actual and equivalent resistance-deflection
function in the elasto-plastic region for a two-way element.

Note:

Charts for two-way elements which fulfill the requirements of
paragraph 5-9 are presently available for only two support con-
ditions: (1) an element fixed on three sides with the remaining
side free and (2) an elenent fixed on all four sides. There-
fore, the following procedure will apply specifically to the
above-mentioned elements.

Li -/
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r the Prooedure:
11 be

Step 1. Establish design parameters:

a. Geometry of element.
I

b. Amount and distribution of reinforcement.

c. Support conditions.

d. Type of eection available for moment capacity

(sec. I, ch. 5).

e. Static design strengths (table 5-4).

f. Dynamic increase factors (table 5-3).

Step 2. Calculate dynamic design strengths for concrete and reinforce-
ment.

Step 3. Determine ultimate positive and negative moment capacities in

vertical and horizontal directions.

Step 4. Determine static properties:

a. Modulus of elasticity for concrete and reinforcing steel
and the modular ratio (pare. 5-7).

b. Moment of inertia of the element (para. 5-8).

ts of Step 5. Establish points of interest and their ultimate moment capaci-

rt con- ties (fig. 5A-5).

maining
here-
the INT 2 PONT Z POINT 3

MW. MH". /Ny,.

POINT I POON ~ 4q
MpT3 POIT 2 M0 POINT

MVq

Figure 5A-5

15-3
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Step 6. Compute properties at first yield (fig. 5-14 or fig. 5-17): Step 9

a. Location of first yield (usually point 2) (eq. 5-45). Step 1

b. Resistance at first yield r0 .

a. Moments at remainiug points consistent with re.

d. Deflection at point 1. Xe (eqs. 5-48 and 5-49).e Requir
(cuT

Step 7. Compute properties at second yield (fig. 5-15 or fig. 5-18). .rd

a. Remaining moment capacity at points 1 and 3. Soluti

b. Location of second yield (usually point 3). Step 1

0. Change in unit resistance Ar between first and second Step 2

yield.
Step 3

d. Unit resistance at second yield r

e. Moment at remaining point consistent with r
ep

f. Change in deflection at point 1. Step 4

g. Total deflection at point 1, Xepo

Note:

At& element fixed on four sides exhibits a third yield (point 1
either in the horizontal or vertical direction). Therefore,
repeat step 7 usitug figure 5-19 to obtain the properties at
this yield.

Step 8. Compute properties at final yield (ultimate unit resistance)s

a. Ultimate unit resistance (part b of problem 5A-l).

b. Change in resistance between ultimate unit renistance and
resistance at prior yield.

c. Change in deflection at point 1 (for element fixed on three
sides, use stiffness ,obtained from figure 5-16 and for an

! element fixed on four sides, use stiffness of a sLwiply
supported one-way element given in table 5-11).

d. Total deflection at point 1, Xp.

5-2

½1



S9. Step 9. Draw the actual resistance-deflection curve (fig. 5-20).

Step 10. Calculate equivalent maximum elastic deflection of the element
(par&. 5-16).

EXAMPLE 5A-2. RESISTANCE-DEFLECTION FUNCTION

Required: The actual and equivalent resistance-deflection function
(curve) in the elasto-plastic region for the two-way element conuid-

ured ered in example 5A-l(A).

ut SoZuttion:
1. Step 1. Same as step 1 of example 5A-1(A), part a.

Step 2. Same as step 2 of example 5A-l(A), part a.

p Step 3. Same as step 4 of example 5A-1(A), part a.

where: NN - 18,190 in-lbs/in M aP - 16.910 in-lbs/in

MVN - 17,130 in-lbs/in MVp - 15,850 in-lbs/in

p 4. Step 4. Static properties.

. wE1.5 33, 4fT - (145)1.5 (33)(3.000)-" 3.16 x 106psi

H a -29 x 106 psi

E 29 x 106
n -- - -9.18

E 3.16 x10

b. Convidering a 1-inch strip (b - 1 in)

I- = -(2 144 in 4

d (avs.)- 10.9375 + 10.1875 + 10.3125 + 9.56254
S0.31

A = A --0 - 0.0258 sq in/in

=2,

/."77 s 12



' Rwhere

b -1 in
2 

d - 10.25 in (avg.)

d T-d - 1.75 in

Figure 5A-6

+(n-1) A'd' + nAd
kd +•,s

b(kd) + (n-i) A' + nA
2 S

1(kd) 2  + 6.18(0.0258)(1.75) + 9.18(0.0258)(10.25)kd 2
2 1. l(kd) + 8.18(0.0258) + 9.18(0.0258)

Solving, kd - 1.96 in

1(1.96)3
=c M.96 3 + 8.18(0.0258)(1.96-1.75)2

+ 9.18(0.0253)(10.25 - 1.96)2

I c - 18.8 in(using fig. 5-5, Ic = 17.3 in 4 )

+ c 144 + 18.8
la a .. ... 2 = 81.4 in 4I.

L/ _
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Step 5. For point of interest, see figure 5A-7.

POINT 2 POINT I POINT 2
M"" MHP MH"e ee e 1 r

Figure 5A-7

Step 6. Properties at first yield

From figure 5-14 for H/L - 0.7:

8a1 0.075, 82 0,158, 83 " 0.110,

Y1 .0.0123, v W 1

a. MHP- 16,910 nil 2 0.075 rlH2

r - H2

18,190 - 82 rH - 0.158 rH2

r - 115.000H2

VN- 17,130 8 3 nil2 - 0.110 rH2

H 2

115 000

b. re (168)2 4.07 psi

/ ss
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2o. Mp (Point 1) - 0.075 (4.07)(168) - 8,620 in-lbs/in

2MN (Point 3) - 0.110 (4.07)(168) - 12,640 in-lbs/in

E. q. I a 3.16 x 10 6 (81.4d. D (i -(0.i62 . 65 x 108 i n-lbs

b~l-v 1 11- (0.1667)]

1  YlrH, 0.0123 04.0 1e D= 0.1505 in
• D 2.65 x 108

Stop 7. Properties at second yield
After first yield element assumes a simple-simple-fixedr-free
stiffness, therefore, from figure 5-15 for H/L =0.7,Stp6

S1 w 0.123, aS3 - 0.220,6.

-1 0 0.0305, v - 0.3

a. Mp (Point 1) = MHp Mp (at r)

= 16,910 - 8,620 - 6,290 irn-lbs/in

MN (Point 3) -Mvq- (atr M)

- 17,130 - 12,640 - 4,490 in-lbs/in

b. MP (Point 1) - 8,290 - 81 Ar H - 0.123 ArH

Ar = 67,400

H2

MN (Point 3) - 4,490 w83 ArH2 - 0.220 ArU2

Ar a 20-400

H2

Second yield at Point 3 (smaller Ar) Step 9.

20.400 20 400

"H (

"5-41

____ 
7



do r - r + Ar 4.07 + 0. 7 2 4 .79 psi I
2

a. Hp (Point 1) = 0.123 (0.72)(168) . 2,500 in-lbs~in

EL Ia 3.16 x 106 -81.4) .2.83 x 10 In-lbs
f. D -w -- 0 - [1- (0.3 )2]

b(1-v 2)

Y U rH 0.0305 (0.72)(168)4 - 0.0618 in

D 2.83 x 108

g. X ep x + AX - 0.1505 + 0.0618 - 0.212 in

Step 8. Properties at final yield (ultimate unit resistance).

After second yield element assumes a simple-simple-simple-free
stiffnessotherefore, from figure 5-16 for H/L - 0.7,

y - 0.045, v - 0.3

a. ru 0 9.08 psi (part b of example 5A-l(A))

b. Ar - r - r . 9.08 - 4.79 - 4.29 psi

O. Ec 'a 3.16 x 106 _ (81.4) - 2.83 x 108 in-lbs

b(i-V 2) 1 [1-(o.3) 2]

A 1 -rH4 0.045 (4.29)(168)4 - i;.5431n
D 2.83 x 108

d. x - X + AX - 0.212 + 0.543 - 0.755 inp ap

Step 9. For actual resistance-deflection curve, see figure 5A-8.

I

~2
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et 2L.step 10. XF x+X 1 + - -- i (eq. 5-51)

-4-A-- -j ¶

+ E -0.1505 0.212 __ +4.5 . A .07 4.07)
XE " 0.553 in

The equivalent resistance-deflection curve Is shown in
Figure 5A-8.

1.0

curves.
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CHAPTER 6

STRUCTURAL ANALYSIS AND DESIGN FOR DUCTILE MODE RESPONSE

Section I. DESIGN PARAMETERS AND GENERAL PROCEDURE

6-1. General d. Each structure type has two protection categories
Structural design of a protective structure consists of associated with it. Protection categories 1 and 2 apply
the determination of the dynamic response of the pro- to shelters, while protection categories 3 and 4 apply
tecting structural elements to the blast environment to barriers.
produced by the donor system so that certain critical (1) Protedion category 1.
parameters (deflection, support rotation, and fragment (a) Protection category I is applicable to per-
velocities) specified by the protection requirements of sonnel and is the most stringent of the four. Personnel
the receiver system are met. The three components of must he protected against fragments, blast pressures,
the explosion protective system namely, the donor and excessive structural motions. This category limits
system, receiver system, and protective structure, are the response of the structural element to the initial
related as shown in figure 6-1. In the typical design, portion of the ductile mode thereby preventing the
consideration of the first two components defines all of formation of post-failure fragments. A design in this
the parameters necessary for the structural design of category must prevent the penetration of primary frag-
the last. ments formed by the donor explosive. If the formation

of spalled fragment3 (brittle mode behavior) from the
6-2. Interrelationship of Design Parameter structural members is possible, shielding must be em-

a. The interrelationship between the several design ployed. Pressure increases within the structure and
_parameters may be readily described with the use of a excessive structural motior.- must also be attenuated

resistance-deflection diagram (fig. 6-2) which defines to safe levels.
both the ductile and brittle modes of behavior of the (b) The full integrity of a shelter in protection
individual structural elements and also of the pro- category 1 must be maintained. Maximum deflections
tective structure as a whole. The following describes slightly less than those specified by partial failure of
these relations and presents the general outline of the two-way elements or incipient failure of one-wtly ele-
procedure to be followed. ments could conceivably be used here. However, the

b. The first step in the design of any protective reliability for fully achieving the desired protection
structure is the analysis of the donor system to de- cannot be guaranteed with these deflections. Therefore,
termine its output in terms of blast pressures (or the recommended maximum permissible deflections used
impulse loads) and primary fragments. The methods in the design of elements piotecting personnel should
and procedures for this analysis are covered in chapter be limited to those corresponding to support rotations
4. Next, the sensitivity of the receiver system is de- equal to, or less than, 5 degrees. This re&ponse criteria
termined as outlined in chapter 3. is termed limited deflections,

c. The ccntents of the receiver system define both (2) Protection category R.
the type of protective structure (shelter or barrier) (a) Protection category 2 applies to shelters
and the protection category to be used. When per- used for the protection of equipment and stores from
sonnel or equipment are to be protected, then shelter- the same hazards listed above for protection category 1.
type structures are used; when other explosives are to The formation of post-failure fragments due to collapse
be protected, then barriers are used. Shelters are gener- of the shelter is also prohibited here, Penetration of
ally fully inclosed or partially open structures, and are primary fragments and the formation of spalled frag-
designed to respond within the initial portion of the ments are allowed, but shielding is required if their
ductile mode with limited brittle mode behavior. Bar- velocities exceed those which can result in damage to
riers are generally open (isolated walls or open cubicles) the receiver system. When hazardous materials are
and are designed for a combination of ductile and present, they must either be confined within the struc-
brittle behavior. ýure or allowed to spread by controlled means to safe

/
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areas. Attenuation of pressures and structural motions or more adjacent cells of a group, or from one group or, in
to tolerable levels is also governed by the sensitivity of of cells to an adjacent group, but not to all groups. design
the receiver system. Total failure criteria is used for the design of barriers roof ai

(b) Because of the nature of the contents of the under protection category 4. h. I
protective structure, the degree of damage sustained e. The degree of protection required i ithin any pro- elemer
by equipment shelters can be greater than that per- tection category is a function of the sensitivity of the (defle,
mitted for the design of shelters to protect personnel, receiver system and increases as the sensitivity in- ments
Larger deflections than are allowed for the design of creases. The degree of protection defines the maximum achiev
personnel shelters may be utilized in the design of permissible deflection, in terms of the support rotation protec'
equipment and storage shelters. Although it is theo- angle, within the various deflection zones: (1) limited conten
retically possible to allow deflections which approach deflections (maximum support rotation angle em<_5*), i. T
incipient failure conditions, the damage to the structure (2) large deflections (G,,>50 but. less than the incipient design
would be severe and, in some cases, might result in failure rot.tion), and (3) total destruction (exceeding are us(
partial collapse. To avoid this situation, it is recom- the incipient failure rotation where 0. = 120). The maxi- ranges
mended that a maximum deflection less than that mum deflection permitted in a particular design is for thi
which produces partial failure of two-way elements or derived from consideration of the sensitivity of the total f
incipient failure of one-way elements be used as the material to be protected (ch. 3). It should be noted high-p
criteria for the design of equipment and storage shelters, here that spailed fragments are generally found in all be not
If extremely sensitive explosives or expensive equip- three deflection zones, but may not occur in the initial are no
ment are contained within the shelter, then it is reason- portion (0,.520) of the limited deflection zone in certain occur i
able to consider using deflections somewhat less than cases. Post-failure fragments are present only in the the vai
defined above, total destruction case. j. D

(3) Protection category 8. f. Designs for limited deflection response must take is base
(a) Protection category 3 pertains to barriers into account the elasto-plactic resistance variation to the mi

used for the partial containment of explosives to protect avoid overestimating the structural capacity. In the deflect'
other structures and explosives from the impact effects other two deflection ranges, this variation is safely metho,
of both high-velocity fragments and from high pres- ignored with little error. maxim

sures. Controlled failure (deflections exceccing the in- g. Design for limited deflections encompasses all three k. T( cipient failure deflection) of the structural elements is of the specified design ranges, high pressure, inter- govern
allowed thereby permitting post-failure fragment for- mediate pressure, and low pressure, while large deflee- briefly
mation. ThL pressure increase and the velocities of pri- tion and total failure designs are used only for the
mary, spalled, and post-failure fragments must be high-pressure design range. As pointed out in chapter 3,
limited to values so that communication of the deto- the term "design range" implies an interrelationship
nation from the donor charge to the acceptor charge is between several parameters (location of structure rela- 6-3.
prevented. tive to the detonation, pressure magnitude and du-

(b) Unlike shelters, barriers providing the pro- ration, member resistance, and response time) and a. B
tection required of protection category 3 can be de- defines the element as responding to the pressure only, dynam
signed for both ductile and brittle behavior. Where pressure-time relationship, or impulse. Although it is of strui
communication of a detonation by fragments and high- theoretically possible to design a structure all three Two d
blast pressures must be prevented, the response criteria ways for any donor output, limitations on sizes, ma- concuri

- used for donor barrier design will vary from limited terials, strength, etc., obviate this, and in the practical princip
deflections for protection of sensitive acceptor explo- situations usually encountered, the above response and int
sives whose barricades are designed to withstand the sensitivity designations are true. Structures falling in b. U

_ additive effects of more than one explosion to total the high-pressure design range will respond to the structu
failure (deflections greater than incipient failure de- impulse; in the intermediate range will respond to the its men
flection) for protection of less sensitive explosives, pressure-time relationship; and in the low-pressure vector
Where single explosions are involved, barriers to pro- range, will respoad to the pressure only. Although the on any
vide protection for sensitive explosives can usually be structural integrity of shelters must be maintained, equal t,
designed for incipient failure conditions. the range of design for a given element may differ whole,

(4) Protection category 4. Protection category 4 is from that of another element of the Fame structure. reactio,
similar to category 3 except that a limited com- This variation will depend upon the location or orien- c. T1
munication of detonation is permitted, but mass tation of the individual elements relative to the deto- siderati
detonation is not. In a facility consisting of several nation and to the magnitude of the explosion. For determi
cells containing explosives, the propagation of the example, a shelter located adjacent to an explosion method

mm / explosion is allowed to one or more adjacent cells, but may have its front wall (wall facing the explosion) of the i
not to all cells. When the facility is composed of several designed utilizing the high-pressure range design pro- externa
separated groups of cells, propagation is allowed to one cedures whereas the use of the intermediate pressure on the

/
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from one group or, in the case of small explosives, low-pressure range Crushing of the concrete on the compression face of an

in the ot to all groups design procedures may be used for the design of the element starts at a support rotation of 2 degrees and

ign phe lesign of barriers roof and side and back walls, scabbing (disengagement of crushed concrete) at 5
wf a i i a h. Even though the design ranges for the various degrees. Direct spalling is generally associated with the

t. and within any pro- elements of a protective shelter vary, the response high-pressure design range where spalling can be virtu-
m. Ever sensitivity of the (deflection) criteria should be consistent for all ele- ally instantaneous. Thus the low-pressure design range

nentis e sensitivity in- -nente in order that a untiform level of protection is always uses type I cross sections, the intermediate-
nflection es the maximum achieved throughout the structure. The degree of this pressure design range uses either type I or II depending
tsipprt rotation protection and the deflection criteria is governed by the on the magnitude of the rotations, and the high-pressure
tieved t ones: (1) limited contenits (personnel or equipment) of the structure, design range usually uses type II, unless methods are
tectios n angle em_<50), i. The design method varies depending upon the employed to minimize spalling effects as discussed in
tents hal the incipient design range and the response criteria. Response charts chapter 7, in which case, type I1 is used.

SThe tion (oxceeding are used for the low-pressure and intermediate-pressure 1. The maximum allowable deflection also defines
ign ran = 12'). The maxi- ranges with limited deflections, impulse charts are used the allowable stresses to be employed in the design.
used f ticular design is for the high-pressure range with large deflections or As shown in figure 6-2, the allowable design stress in-
ges wit ensitivity of the total failure, and an impulse method is used for the creases as the maximum support rotation angle in-
the hi should be noted high-pressure range with limited deflec'ions. It should creases.
1l failu rally found in all be noted, however, that the design range designations m. Shear reinforcement ustd at the low-pressure and
4-press ceur in the initial are not completely rigid, and some overlapping can intermediate-pressure design ranges is usually stirrups,
noted, on zone in certain occur since strict rules cannot be set to govern all of but for the high-pressure design range, lacing must
not c sent only in the the variables involved. always be used to insure the proper structural behavior.

j. Deflection criteria for the response chart solution Lacing is required in the first two design ranges whenvariAb sponse must take is based on the ductility factor u which is the ratio of deflections corresponding to support rotation greater
Defle ance variation to the maximum deflection X, to the equivalent elastic than 2 degrees are allowed.

Maxi . capacity. In the deflection X5 . For the impulse chart and impulse n. Subsequent sections of this chapter present the
mxion ariation is safely method solutions, the deflection criteria is based on the principles and methods of dynamic analysis and equa-

ti maximum support rotation angle 6,,. tions, charts, and procedures for the flexural and shear
;hod iol ompasses all three k. The type of cross section used in the design is design of elements in the ductile mode. Other analyses
omum pressure, inter- governed by the brittle mode behavior which can be (ch 7) must be performed to determine the velocities

.The hile large deflec- briefly summarized, as follows, for the typical case. of spalled and post-failure fragments.
etned ised only for the
By sU out in chapter 3, Section II. PRINCIPLES OF DYNAMIC ANALYSIS

interrelationship
of structure rela- 6-3. Basic Principles deformations, potential energy is stored in the structure

agnitude and du- in the form of strain energy. By the principle of conser-
ponse time) and a. Before discussing the fundamental principles of vation of energy, the work done by the external force
the pressure only, dynamic analysis, the principles used in the analysis and the energy stored in the members must be equal.

Befor Ee. Although it is of structures under static load will be reviewed briefly. In static analysis, simplified methods such as the
amic a tructure all three Two different methods are used either separately or method of virtual work and the method of the unit
tructur os o sizes, ma- concurrently in static analysis: one is based on the load are derived from the general principle of energy
) diffe d in the practical principle of equilibrium and the other on work done conservation.
,urrent above response and internal energy considerations. d. In the analysis of statically indeterminate struc-
ciple o ructures faliing in b. Under the application of external loads, a given tures, in addition to satisfying the equations of equi-
inter 11 respond to the structure is deformed and internal forces developed in librium, it is necessary to include a calculation of the
Unde ill respond to the its members. In order to satisfy static equilibrium, the deformation of the structure in order to arrive at a

eture i the low-pressure vector sum of all the external and internal forces acting complete solution of the internal forces in the structure.
nembe nly. Although the on any free body portion of the structure must be The methods based on energy considerations, such as

st be maintained, equal to zero. For the equilibrium of the structure as a the method of least work and the method based on
any ement may differ whole, the vector sum of the external forces and the Castigliano's theorems, are generally used.
il to Ce e same structure. reactions of the foundatio4 must also be equal to zero. e. For the analysis of structures under dynamic
le, the location or orien- c. The method based on work done and energy con- loading, the same two methods are basically used, but
ticLs 0 lative to the deto- siderations is sometimes used when it is necessary to the load changes rapidly with time, and the acceleration,
The he explosion. For determine the deformation of a structure. In this velocity, and hence the inertial force and kinetic energy

ratitons to an explosion method, use is made of the fact that the deformation are of magnitudes requiring consideration. Thus, in
rnine ng the explosion) of the structure causes the point of application of the addition to the internal and external forces, the equation

u range design pro- external load to be displaced. The force then does work of equilibrium includes the inertial force, and the equa-
te stru rmediate pressure on the structure. Meanwhile, because of the structural tion of dynamic equilibrium takes the form of Newton's
rnalla
he stru A-

-p.
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equation of motion: of concentrated loads acting on the concentrated masses.
Therefore, the equivalent system consists merely of a

F-k-Ma Equation 6-1 number of concentrated masses joined together by

where F - total external force as a function of time weightless springs and subjected to concentrated loads
R - total internal force an a function of time which vary with time. This concentrated mass-spring-

M = total mass load system is defined as an equivalent dynamic system.
a - acceleration of the mass e. The reduction of a given structure to an equivalent

f. As for the principle of conservation of energy, the dynamic system involves the principle of dynamic simi-
work done must be equal to the sum of the kinetic larity which is the requirement that the work done,
energy and the strain energy: strain energy, and kinetic energy of the equivalent

system must be identical, respectively, with those of
w WD-= workE donetion-2 the given structure. Any given structure, a multi-story

where WD =fi work done building or an individual satructural element such as a
KE = kinetic energy beam or column, can be approximated by an equivalent
SE - strain energy dynamic system for the purpose of dynamic analysis.

and the strain energy includes both the reversible 6-. Dynamic Analysis and Design
elastic strain energy and the irreversible plastic strain
energy. Thus the difference between structures under a. The analysis of a structural member under applied
static and dynamic loads is the presence of inertial dynamic loads consists of the determination of the
force (Ma) in the equation of dynamic equilibrium, deflection of the member using Newton's equation of
and of kinetic energy in the equation of energy conser- motion. Analysis is a direct procedure while design is a
vation. Both terms are related to the mass of the verification by analysis. The acceleration, velocity, and
structure. Hence, the mass of the structure becomes an displacement versus time relationships are obtainable
important consideration in dynamic analysis. from the mathematical solution of the equation of

g. In the above discussion, the two methods of motion of the structural system. But the solution also
analysis are described as if they were independent of requires expression of the load and structural param-
each other. This is not the case. The force and energy eters.
equations are interdependent and are derived from each b. In the typical design problem, the load-time re-
other. Although these two methods are not independent, lationship is known while the structural parameters are
the conveniences of applying them to a given problem not and, therefore, must be assumed. The displacement e. Two fund
varies depending on the particular problem under con- of the structural element at certain critical points can ing simple sys
sideration. Generally, the force equation is convenient be related to moments or stresses at these same points. first of these
for analysis of structures, and the energy equation is Solution of the equation of motion will give the maxi- differential eqi
convenient for design. mum deflection of the system which can be compared numerical, or i

to acceptable or limit values, and, if adequate, the analysis, a ch.
6-4. Dynamically Equivalent Systems structural properties originally assumed are satisfactory have been deot

a. In dynamic analysis there are only three quantities for the loading parameters. If not, the assumption of a is an approxim
to be considered: (1) the work done, (2) the strain new set of structural properties will give a new equation procedures use

energy, and (3) the kinetic energy. To evaluate the of motion which, in turn, can be solved. The process but may be foi
work done, the displacement at any point on the of structural design is a trial-and-error procedure-a
structure under external distributed or concentrated series of analyses to verify assumed designs. 6-6. Effeci

loads must be known. The strain energy is equal to the c. It can be seen that the writing and solution of the a. The valu
summation of the strain energies in all the structural equation of motion for a structure are essential, but motion is equý
elements, which may be in bending, compression, shear, usually mechanical, steps in the design process. They only if all elej
or torsion. The kinetic energy involves the energy of are not always readily apparent in the equations and which case th
translation and rotation of all the masses ,f the struc- charts presented here, but they are nevertheless there. concentrated u
ture. The actual evaluation of these quantities for a d. The simplest dynamic system consists of a con- the assumptioi
given structure under dynamic load would be compli- centrated mass supported bý a weightless spring and cannot be mad
cated. However, for practical problems this can be subjected to a concentrated load as shown in figure 6-3. is true for me
avoided by using appropriate assumptions. A single displacement variable X is sufficient to describe which bend or

b. In order to simplify the problem, a given structure its motion; hence this system ig called a single-degrec- the motion of
is replaced by a dynamically equivalent system. The of-freedom system. The degree of freedom of a dynamic length of the
distributed masses of the given structure are lumped system is defined as the number of independent dis- distributed ma
together into a number of concentrated masses. The placement variables needed to specify completely the degrees of free
strain energy is assumed to be stored in several weight- configuration of the system. This manual is restricted of motion for a
lea springs which do not have to behave elastically. to consideration of single-degree-of-freedom systems mass is replace
Similarly, the distributed load is replaced by a number only. equivaleut sing

6-4/
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ad-time re- Figure 6-8. Typical single-degree-of-freedom #yskem.
ameters are

: f splacement e. Two fundamental methods are available for treat- b. The value of the effective mass M. is dependent

le s points can ing simple systems subjected to dynamic forces. The upon the deflected shape of the structural member,

these s me points, first of these methods i3 concerned with solving the varying with the type of spanning, end conditions,

ial esui the maxi- differential equations of the system by either classical, etc., and therefore is different in the elastic, elasto-
( or compared numerical, or graphical means. The second method of plastic, and plastic ranges of behavior.

a , uate, the analysis, a chart solution, depends on solutions which c. The effective total mass of the equivalent system

in deter ttisfactory have been determined by use of the first method and is related to the total mass of the actual system by

iroxima ptiorn of a is an approximate solution to the problem. The various
es used % equation procedures used in these methods are not derived here M,=KLMM Equation 6-3

be fout he process but may be found in the bibliography, where M, is the effective total mass
c ) v eedure-a M is the total mass

f tiv • 6--6. Effective Mass KLM is the load-mass factor determined from con-

value tion of the a. The value of the mass used in the equation of sideration of the load, resistance, and mass factors

s equal ntial, but motion is equal to the actual mass of the structure necessary to transform the actual dynamic system to

ll elen Tess. They only if all elements of the mass move as a unit, in the equivalent single-degree-of-freedom system.
ations and which case the entire mass may be assumed to be d. The load factor KL is defined as

ite t less there. concentrated at its center of gravity. In other cases, F.
,ite at of a con- the assumption of uniform motion of the entire mass KL- -F Equaton 6-4

L made pring and cannot be made without introducing serious error. This

r me figure 6-3. is true for members with uniformly distributed mass where F is the actual total load and F& the equivalent

rd or r o describe which bend or rotate under load. In each of these cases, concentrated load acting on the equivalent system.

on of t le-degree- the motion of the particles of mass varies along the This factor is derived from the equality of the external

the dynamic length of the member. Beams, slabs, etc., with such work done by the equivalent load on the equivalent

"A mas. dent dis- distributed mass actually have an infinite number of system and the external work done by the actual load

if freed letely the degrees of freedom. Even in these cases, the equation on the actual system, the primary requrement being

Sfor a s restricted of motion for a single particle may be used if the actual that the deflection of the equivalent system at any

eplaced systems mass is replaced by an effective mass, the mass of an time be equal to the maximum deflection of the actual

Lt singi equivalent single-degree-of-freedom system. element.

p I2.4
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Figure 6-4. Determination of load-maaB factor in the plastic range.

e. The resistance factor Ks is the element, this equation is rewritten as

K R Equation 6-5 f-r=KLMma=ma Equation 6-9
R h. Instead of computing the several factors above,

R being the actual total resistance and R, the equiva- the load-mass factors in the elastic and elasto-plastic
lent total resistance of the equivalent system, This ranges can be determined by relating the primary mode
resistance factor, obtained by equating the strain of vibration of the member to that of an equivalent
energies of the actual and equivalent systems, is found single-degree-of-freedom system. In the plastic range
to be equal to KL. it can be assumed that neither the moment nor curv-f. The mass factor KM s ature changes between the plastic hinges under increas-

ing deflection. This behavior results in a linkage action,
ME consideration of which can be used to evaluate the

K -M- Equation 6-6 effective plastic mass as follows.
i. In figure 6-4, a portion oi a two-way element Since thc

where M is the actual total mass and Ml the equivalent bounded by the support and the yield line is shown.
total mas of the equivalent system. This factor is The equation of angular motion for this section is
calculated by equating the kinetic energy of the actual
system at any time to that of the equivalent system. zM = 1.6 Equation 6-10

g. Suimmarizing, for the actual system the equation and the I
of motion is where ZM summation of the moments

I,., = mass moment of inertia about the axis
F-R-Ma Equation 6-7 of rotation AB KLv

and for the equivalent system = = angular acceleration
Substituting

K1 F- KLR - KMMa Equation 6-Ia where c i
I, to the a:

KM Fe-- (ZMN + ZMP) "*L! a Equation 6-11 a stor t~F F- R--- Ma Equation 6-8bsetrn
K, the sectoKwhere a is the acceleration and, dividing through by c, j. Whe

F-R..KLMM-M~a luaton 6-each see,

where M. is the effective total mawe of the equivalent - a Equation 6-11b contribut
system. When expressed in terms of the unit area of factor foi
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TM 8-1 300/NA VFAC P-397/AFM 88-22 Table 6-1 Load-Maas Fadors KLm for One- and Twvo-Way Elements wit.

Edge "onditlon.,

Cantilever

Simple supports

Fixed supports

Fixed-simple supports /

Two-Way Elements

Edge conditions Valuee o, LI/

All sUPporn fixed One si
Othier

Two adjacent edges supported All 0.65
and two edges free L iZ ___

q p~L/H<0.5 0.77

Three edges supported and one L
edge free 0.5<_L/H<_2 0 .65 - 0 .1 6UH- 1) 0.66-0

L/H Ž2 0.65

((
Four edges supported 1<L/H•.2 0.61 +0.10 (•-) 0.61+

- L/H>_2 0.77

-6/



or One- and Two-Way Elements with Utniform Loading
with Unt one-waylement

Range of behavior

Elastic ] Elm o' l si
S. ..i Pl~atio

0.65 - 0.66

0.79 - 0.66

0.77 0.79 0.66

0.78 0.78 0.66

Tu'o-.Way Elements

Elastic and eleeto-plastic ranges (support conoitions) Plastic range

Before After
All supports fixed One support simple, Two supports simple, Three supports simple, All supports simple partial partil

nesopport other supports fixed other supports fixed other supports fixed failure failure

0.65 0.66 0.66 0.65
0.6

.5 0.77 0.77 0.79 0.790.7 -- o-___o.o______------_ o.-o.---*---~o_o.• __,_____ o._ o.,___.,_o.
-014 2 0.65-0.16(A-,) 0.66-0.144(-L-1) 0.65-0.186 ( -j1) 0.66 -0.175(.) figure 06-014 /HG H( 6-5

2 0.65 0.66 0.65 0.66
0.6

1 0.61 0.61 0.62 0.63 0.63

2 0.77 0.77 0.78 0.79 0.790.2



way elements which conform to the limitations given trative example of the determination of KLM in the

"in paragraph 5-9. For those elements which do not plastic range is given in appendix 5A.

conform to the limitations, the load-mass factors must m. Mass calculations should include the reduced
be calculated using the above procedures. An illus- thickness of the structural element when spalling is

anti--ipated.

Section 111. DESIGN FOR FLEXURE

6-7. General c. In order to utilize these response charts, both the
a. Structural elements must develop an internal re- blast load (pressure-time history) and the resistance-

sistance sufficient to stop all motion within the limits deflection curve are idealized to linear or bilinear func-
of deflection prescribed for the particular design; flex- Lions. The idealization of these functions consists of
ural design is the determination of this required re- replacing the true functions by one or a series of straight
sistance. The load capacity of the member depends on lines.
the peak strength developed by the member and on (1) Idealization qf load and resistance functions.
the ability of the member to sustain its resistance for a (a) The most commonly used idealized pressure-
specific though relatively short period of time. This time function is an initially peaked triangle defined
section describes the methods used for flexural design by a peak pressure B and a duration T. This simplified
of structural elements and is divided into two parts: loading function has been studied extensively. The
(1) elements which respond to the pressure only and basic consideration in replacing the given loading by
pressure-time relationship %hich correspond to the low- an idealized loading shape is that the maximum dis-
pressure and intermediate-pressure design ranges, re- placement produced by each must be equal. No general
spectively, and (2) elements which respond to the rules can be given for the idealization; however, the
impulse which fall into the high-pressure design range. following will serve as a guide. Since t. is the time at

b. Both the method of analysis and the maximum which the maximum deflection X., occurs, the idealized
deflection criteria are different. Elements which respond load and the given load should be very close to each
to the pressure only and pressure-time relationship other in the time interval from zero to t. and have the
are designed using a response chart, while elements same area under the respective curves in the same
which respond to the impulse are designed using either time interval.
impulse charts for large deflection designs or an impulse (b) For example, consider the solid loading who
method for designs with iimited deflections. Maximum curve shown in figure 6-6. For a time t., to reach
allowable deflections for the first case are based on the maximum deflection, the idealized loading curve is best q
ductility ratio, and in the second case, on the angle of defined by B, and T1, while for a time t.2 the loading ticul
rotation at the supports. would be defined by B2 and T2 .

c. Design methods for determining the shear rein- defTcIIforcement necessary to fully' develop the bending re- (c) The typical resistance function for limited corn

fortaceaepeentne essr isetio n full deeop thes bhpenigr.- deflection design consists of elastic, elasto-plastic, and effevsistanceare presented i seto nI ofthis chapter. eooenplastic ranges, and for the large majority of problems, for c

6-8. Elements Which Respond to Pressure Only can be adequately idealzed to a bilinear form as out- aver;
and Pressure-Tim. Relationship lined in paragraph 5-16. For the particular case where stiffI

a. These elements were previously shown to ba those the structural element exhibits only elastic and plastic in tli
where the true magnitudes of the pressure and duration behavior, idealization of the resistance function is not unit
of the applied blast loads must be known. The de- necessary. Whe
termination of the dynamic response of these systems (2) Natural period of vibration, the I
is accomplished using a response chart which relates (a) When designing for limited deflections using averl
the dynamic properties of the blast loads (pressure and the response chart, the effective natural period of vi- effeci
duration) to those of the element (natural period of bration is required. This effective period of vibration, will
vibration, resistance, and deflection). when related to the duration of a blast loading of this

b. The maximum allowable deflection is expressed given intensity and a given structural resistance, do-
in terms of the duotility ratio or the ratio of the maxi- termines the maximum transient deflection X. of the
mum deflection X. to the equivalent maximum elastic structural element.
deflection X, of the element. ,Maximum deflections (b) The effective natural period of vibration is
associated with the analysis of elements which respond
to pressure only and elements which respond to pressure- KLMm
time relationship usually conform to those designated TY = 2w ; 2, Equatien 6-15
as limited deflections. K, Ks

_A/
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Figure 6--6. ldealization of pressure-time functions.

the solid loading where m. is the effective unit mass and K, is the pressure-time sensitive system with an elasto-plastic
dtime t.c to reach equivalent unit stiffness of the system. resistance function subjected to a triangular loading

ing curve is best (c) The values used for m, and K, for a par- pulse is shown in figure 6-7. This nondimensional chart
here n e t.2 the loading ticular element depend upon the allowable maximum is a convenient plot of solutions made by numerical
luivale deflections permitted. For example, when designing for integration of the equation of motion using a digital

action for limited completely elastic behavior, the elastic values of the computer. If any two of the four parameters are known,
cular e lasto-plastic, and effective unit mass and unit stiffness would be used; the remaining two can be found. It should be noted
eflectio ority of problems, for elasto-plastic action, the effective unit mass is the that since the blast load is expressed in terms of pressure
'mplet near form as out- average of the elastic and elesto-plastic values and the (force/unit area), unit values are used for the resistance
Yeetive icular case where stiffness is the equivalent unit stiffness Ks. For design and stiffness of an element.
r elast elastic and plastic in the plastic range, a weighted value of the effective (b) In the typical design example, the pressure-
ierage ce function is not unit mass is used with the equivalent unit stiffness Kg. time loading is calculated, and this curve is then
iffness Wheit plastic deformations less than those specified by idealized to the triangular form defined by B and T.

the 1) the limited deflection criteria are used, the use of the If a structural member is assumed, the idealized re-
dt mas deflections using average value of the average elastic and elasto-plastic sistance function defined by r., X., and K, can be

'hen p', ural period of vi- effective unit masses and the plastic effective unit mass determined along with the natural period TN. Then,
e lim riod of vibration, will suffice for most structural elements considered in knowing the ratios B/r, and T/TN, X,. and f. can be
erage blast loading of this manual. readily obtained from figure 6-7 by reading the ratios

rcl ral resistance, de- (3) Determination of maximum response. X./X, and t./TN.
iflection X. of the (a) The maximum response of a pressure or

(a) od of vibration is

Equation 6-15
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(c) The deflection X., is the maximum deflection positive forces are still large, and the rebound resistance each differe
corresponding to the assumed parameters. The value is reduced. tive mass b
of t, is the time at which the maximum deflection algebraicall:
occurs and is used to check the adequacy of the ideahi- 6-9. Yiement. Which Respond to impulse
zation of the loading curve. If either t. or X. are a. General Eqgotiozs for Maximum Response. fo
unsatisfactory, the procedure is repeated. (1) When an element respoiids to the impulse,

(d) Procedures for determining the pressure- the maximum response depends upon the area under In each ran
time loading are given in chapter 4, and for the re- the pressure-time curve (impulse of the blast loading). Ti•,

sistance function and deflection criteria, in chapter 5. The magnitude and time variation of the pressure are t
(4) Determinatior of rebound. not important. Response charts based on pressure-t.me t, •t_,

(a) In the design of elements whii'h respond to relationships are therefore not applicable to these prob- Time t4 is ti
the pressure only and pressure-time relationship, the lems. Instead, the element resistance required to limit
element must be designed to resist the negative de- the maximum deflection to a specified value is obtained X, occurs,

A' flection or rebound which can occur after the maximum through the use of a semigraphical method of analysis. mum deflecpositive deflection has been reached. The ratio of the (2) Consider the pressure-time and resistance-time (3) FR

required unit rebound resistance to the ultimate unit curves shown in figure 6-9. The resistance cirve de- merically

resistance f/r., such tht;t the element will remain elastic picted is for a two-way element with a resistance- load. Withduring rebound, is obtained from figure 6-8. Entering deflection function having a post-ultimate range. Fromwith the ratios X,/Xs and T/T.v previously determined Newton's equation of motion it can be shown that the elements st
for the design, the required unit rebound resistance summation of the areas (considering area A as positive fined. Them
r- can be read in terms of the originally designed and area B as negative) under the time curves up to and limited
ultimate unit resistance r,. any time t. divided by the corresponding effective (4) C

(b) It may be noted that if the loading is ap- masses is equal to the instantaneous velocity at that (a)plied in a relatively short time compared to the natural time: menta of Iperiod of vibration, the required rebound resistance " (/-- r)sistance-tin•can be equal to the resistance in the initial design v1 f - dt Equation 6-16

direction. When the loading is applied for a relativeiy 0 me that the ur
long time, the maximum deflection is reached when the The displacement at time t. is found by multiplying at t-0, a.

to zero, tl
X. is
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e ound resistance each differential area divided by the appropriate effec- The left side of this equation is simply the initialials besntive mass by its distance to t. and summing the values kinetic energy resulting from the applied blast impulse
Salgebraically: and the right side is the modified potential energy of

o Impulse k LL the element. The modification is required since theS Responxef X. (L.-t) di Equation 6-17 above analysis requIre the use of two equivalent dy-

rang to the impulse, o namic systems (before and after time i). The modifi-

Tnve jnt n the area under In each range the mass m, is the effective plastic mass: cation factor m./m., equates the two dynamic systems.

(•e •5 he blast loading). Vow it,,,I Rvtiw .,joce xIPeswmma If the effective mass in each range was the same,
the pressure are o0:t1t5 r. m,.-(Km).n mu/mu, would equal one and the right side of the

S on pressure-time t <ta trn r. M,.,-(Xv)wm expression would be 7,rX which is the potential energy.
i is the ble to these prob- (c) For one-way elements which do not exhibit

urs, aleu ies tobtaine Time tL is the time at which the partial failure deflection the post-ultimate resistance range, or for two-way
qvalue is obtained X occurs, and time 4 is the time at which the maxi- panels where the maximum deflection X. is less than

1) For ethod of analysis, mum deflection X. is reached (X. < X.). X1, equation 6-21 becomes
num d d resistance-time (3) For an element to be in equilibrium at its 0

6y eq istance curve de- maximum deflection, its impulse capacity must be nu- -- r,•X. Equation 6-22
With ith a resistance- merically equal to the impulse of the applied blast 2m.

sions, mate range. From load. With the use of the foregoing equations, the (d) The above solutions are valid only for large
Itts so e shown that the expressions, which define the motion and capacity of deflection design (support, rotations > 5 degrees) since
These area A as positive elements subjected to impulse type loads, can be de- the variation of resistance with deflection ;n the elasto-

fined. These expressions are presented for both large plastic range has been ignored. This limitation is basedi)Cs ponding effective and limited deflection criteria, on the assumption that the time to reach yield t, and() a s velocity at that (4) Case I-large deflections. the duration of the impulse to are small in comparisonof th (a) Utilizing equation 6-17 and by t$king mo- to I..of-ti ments of the areas under the pressure-time and re- (5) Case 2-limited deflections.

he unit Equation 6-16 sistance-time curves (fig. 6-9) about time t., assuming (a) For elements which respond to the impulse
Do, and that the unit blast impulse 4 is applied instantaneously with limited deflections where the time to reach maxi-the d by multiplying at t-0, and that the time to reach yield t, is also close mum deflection t. is greater than three times theto zero, the expression for the maximum deflection duration to of the load, but where the support rotations

X. is are equal to, or less than, 5 degrees, the elasto-plastic

( tL range behavior of the element must be accounted for in
i r, - ri,(tt-Li) (4,-Li) determining the overall response of the element to the

fu X. = - i . applied blast load. For this case, equation 6-21 becomesmuh mu, 2mup
/6• r.Xz m.

Equation 6-18 F--- +--ru1X.-""p) Equation 6-23ments ~~2m 4  2 m,.u* 1 qain62,en at8 If mour.,nts of the areas are taken about Li, then the
deflection at partial failure Xi, is where m. is the average of the effective elastic and

iod, plastic masses and X, the equivalent deflection.
[I - i__ rutt (b) When the response time t. of an element is

mu 2mu Equation 6-19 less than three timer the load duration to, the element
equat Uwill respond to the pressure pulse rather than to the
iUsing equation 6-16 and sumng g the areas to 4, and impulse alone. In this ease the response of the element

recognizing that the instantaneous velocity at, t. equals may be obtained through the use of a response chart
zero (fig. 6-7) considering a fictitious pressure pulse as

4 rutt r.,(t4-Ii) explained in paragraph 4-10a. However, if the ele-
mu m, m- mo, p 0 Equation 6-20 ment's maximum deflection is greater than that given

(b) in the response chart (ductility ratio X./X, greater
n is (b) Solution of the above three simultaneous than 80), the response of the element may be obtained

S.3ubs equations is accomplished by solving equation 6-20 for through the use of the semigraphical method of analysis
olving t. and substituting this expression into equation 6-18, as outlined in. this paragraph considering the fictitious
ssion and solving equation 6-19 for tL and substituting this pressure pulse. It should be noted that the resistance-

" -"andexpression into the modified equation 6-18. After com- time relationship used in the analysis to express the
Sbining and rearranging terms, the general response element's response should include the elasto-plastic

tm equation becomes region.
Sb. De•ermination of Time to Reach Maximum De---" •r.X,+---• r.,(X.-XI) Equation 6-21 fledion. The time t4 for each of the cases covered pre-

2m, map viously can be determined by applying equations 6-16

I h .



and 6-17 to the particular problem. The resulting where Dividir
equations are as folows: ratio, a

(1) Case I-large deflections. MVNAMVP d Pvfd, (Eqs 54 and 5-8)
b 42H

A. Xi<XX. and Pv is defined as the vertical reinforcement ratio psdofd.

b / p 1 on each face.
t m-'- r / -2mj-rXl R. Post-ultimate unit resistance +3(KL

Equation 6-24 (MV.v+MvP)
r H' H - (table 5-7)

B. WII 3. Partial failure deflection OH

Equation 6-25 X, - L tan12* (table 5-9) Pjldefd.
rud

(2) Case R-limited deflections. Since the variation 4. Ultimate deflection + (KLM
of resistance with time is not known in the elasto- X,.=y tanl2O+ (H-y) tanX (table 5--9)
plastic range, t, can only be determined approximately
by assuming a linear variation of resistance with time. where where

t. (approx.) X = 12_ tan-,, (tan_2 0 )

S\ 3 -~-Im+/ ,-•--- 1)V/9ib2•6m~rVXa 5. Effective mass m.- (KLM).m for r, range
/ (table 6-5) Similarly

Equation 6-26 6. Effective mass 6-22, the

c. Design For Large Deflections. mu, = (KLM).,m-= -m for ru, range (table 6-1)
(1) Impulse coefficzents. and WE =

(a) The basic equation for the analysis of ele- padd f_°=
ments which respond to the impulse where large de- dm [d," 150 225d,.flections are permitted was previously derived as m 1 7-218386(10-)]-)J 22od.

(e
- ,.Xr +-- r.'(X.-X 1 ) Equation 6-27 The units used are

2m. mvp y, L, H, d, bX X -------------- inches

where 4 = applied unit blast impulse- i-.-------------------------------bpsi-ms
MvNp Mvp--------------------------iii.bs/in.m., inm. unit effective masses fd,, ru, r, --------------------- psi

r,., r,, - unit resistances A .-------------------------------- in.2
X.,, X = defleitions m, mn, mP_ ---------------------- psi-ms/in.

(b) The expressions presented in chapter 5 for Substituting into equation 6-21
m., r, and X can now be substituted into this equation.
The resulting design equation will be in terms of the * -[ 2lOpvdf)Ld.\
geometry, reinforcement, allowable design stress, and ib 2 [225d,(KM)./ -- /)L teal20

applied blast impulse.
(c) For example, consider a two-way element 22pvd'fd.\

(slab or wall) fixed on two adjacent edges and free on + 225d.() (KLM) t  jj2 y tanl2o

tbe other two where the crack line location is defined
by y and L5y<_H. The solution desired is for incipient 1
failure of a spai~ed section (cross section Type III) at + (H--y) tan -- L tanl2*) Equation 6-211

deflection X..
(d) From chapter 5 the equations for the re- Factoring

sistances, deflections, and effective masses of this ex-
ample are as follows: 4'- 2(225d.)pvd,2fd, tanl20 10(KLM).L

1. Ultimate unit resistance Iu'

r. 5(MVN+MVP)• (table 5--6) -+- 3(K ) y-L- (-tan2 EquatIion 6-28b

[



TM 3-1300/NAYFAC P-W/AFM -22

Dividing each side by pR, the horizontal reinforcement other crack line locations and support conditions and
rutio, and rearranging also for unspalled sections. In all cases the right-hand

ividing Eqs 5-7 and 5-8) side of the equation lin been designated as the impulse
dtio, all( 450 / tanl2* 10(KLm).(L/H) coefficient, using C1 for the case at deflection X, and

fL (y-H) C. for that at deflection X.. These impulse coefficientsOH_ trtare a proportional measuie of the impulse capacity
nee____Ky) •an_ under the resistance-deflection curve up to the given

tanl2- deflection. For one-way elements which do not exhibit
the secondary resistance range (X. - X1 ), the coefficient3le 5-7) Equation 6-28€ C1 is equal to C.. Values of C. for one-way elements

f6*11 __) r0(L/H) are given in table 6-2, and equations for C1 and C. for
. 287 - ) two-way elements are given in table 6-3.

POde8fd. " 3(y/H)' (f) The left side of the impulse equations,
.=2 though derived in a similar manner, is different for+ ( + (K-4.70{( 1) -H- tan unspalled sections to account for the change in physical

properties of the cross section. Generally, all of the
(KLM). tanE (table 5-9) expressions for impulse capacity take the form:

, Equation 6-.2Sd

where Table 6-8. Impulse Coefficienla C. for One-Way ERlemenU

ere X 120 - tan-' 0.12 Ed" eondiftions ImpWNe Ge fficent

),,m for ru range L

(table 6-5) Similarly, for the same example and using equation Cantilever 1 127

iilarly, 6-22, the solution for partial failure at deflection X, is

2, the range (table 6-1) 42H L

pir-•d, f-= 957 Ev(KI..) G(•) ueon-

'fd. Fixed supports 510
225d,. _ L ]

Vcfd. 2d.
(e) Expressions have been derived as above for

(e) ... inches
S ... psi-ms
----------in.-lbs/in.

-------psi
-- - in.-

S . psi-ms'/in.

1120

20

Equation 6-28a

.L

Equation 6-28b

S~6-11
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Table 8-4. Impulse Coeffind#ste C, an~d C. for Two-Way El

Edte aopditluns Yield line location Limits Impulas coeiffivient CiX 144 (10-4)

Two adjacent edge& fixed and two ,.. 1 0:5x/H:1 13.77 4.132[I--3(K) +
edges free. -7-.-,(I/H) L iH

_:z5 13 7 7 SK-L-"). 4 F32 333 (KLm). +H~x<L(x/H)' .12 (I/H)'

05yLS1 1377 (Kj)(4.132 ~(L .(
(y/H) L /

L:5y<H 13.77 , (vpr (L/H) 413 (,vp) 3.333 (A

(KL)yp/p1 LH) 413

x0:5x/H<ý;1 13.77-(r~ 4.132 3.3-Km
(I/H) i/H

Three edge. fixed and one edge free. H5x:5L/2 13.77 (K')' 16.58 [.33(KLM).+

0 < /L:5j 137 (/Hm). pl 10.330 [1.333 (KLm). (V

(y/H) y/H

L1:5<H 6.( Kit,). (p/y)OIH .43(vpr 1.67 (KLV)

%bH12<5x<L/2 6.89- 16.528 047(L1)+2

0-<y/L:5i 13.77 (j/f)(P1H)' 16.528 0.33 III. p

r0.417 (K,L/2:5y:H/2 6.89 (KLm). (T,,'Ip) (L/H) 16.528(pv/pq)

xa L. H (itt.)

6-12



l e e6 Coefficients~ C, a,,d C.. for Ti-Way Elemetita4

IX144 (1O¶1 Impuim. 0aeffielent C..X144 (10 1)

4.132 1~33K~X+ (KLM)..'(PV/PJW) (1 lH

+ H)L413 .3 (KLM +. p/a (K LM,).' 1 . 70 (LIR -t/H x1H h WeX12-tn'101

y/H + (Liii)' J

-~ ~ 333(~m.(ypr + (KLM.' (IuH -. L~+.0 -t/H tnH hee

4,132 (3KLLIxH)1

13 (K~) (LIH 3.3 + (KLM,)..'(LI /H) (1.12

(yH413.28 (Plp~ 3 (ylH). +~H- 4Km.705(L/H -,/H) t+4.70 1-yH a) Where, x -12-ta - tan-'

L(x/H)l \(L/H)' (LIM)' /1 x1zH/

'Hv 10.3 .333 (KLMX. (Pv/pHv)+3( (L/2H -VI/H)1

FI L33 tiH +32(LY (LIK)l

7(ti/H). (L/H) 412,i.667 (KLm ). (L/H) 1 751~~n~ hr ~ (0.2126\
(y/H) 4.132 ~(Pv~pHj[ (Y/H)' + (KLm).. (y1 -,2H+4.7 (I 'J.l aA hre 2 a` -

+r(L .833 (KLm). x A
16.28 1H + (KLM)e'(PV/PJV)I -2-i~l

L'2( 6.28[.417(LkM)*+2(K,)., jH-I 4.705(L/2H-x/H) tan?. WhrA* - a- 0.2126\

L(XIM,) kTL/H)'+- (LI1I)' AJ zH

).(pv/p~ 0,5833 (Kim).. (pv/piu) +(i4'(L/H -2y/H)
1652 Y/H +(m. (L/H)'

7 (Kzj4. (L/H) 047(KLN). (LIH) 1021
(yHP1652 (Pvlp, 1 WyHY + (KLm). (2yiH - 'I +4750-'J)Un)IWee 2 - ta-' ( 2y/L/



Spalled Section (Type III) L/H and Pv/Pm and they have been plotted against
pv/py for varying values of L/1l. These curves for

- -C or C. Equation 6-30 various support conditions are given in figures 6-10
pdfd.lfd. through 6-12 for C1 and in figures 6-13 through 6-115

Urspalled Section (Type 11) for C..(3) Optimum distribution of flexural reinforcement.

43"H (a) A prime factor in the design of any facility
pNT~dofd,. C, or C. EqatON 6-31 is construction economy. Proper selection of sectionsizes and reinforcing steel will result in a design having
(2) Reduced rotations and reduced deflections, optimum capacity and minimum cost. To determine

(a) For certain conditions, it is sometimes de- the optimum design of any purticular two-way struc-
sired to design a structural element for maximum de- tural element, consideration must be given to the
flections other than the partial failure deflection X, following:
or the ultimate deflection X.. For those cases, the 1. There is an ideal distribution of flexural
impulse coefficients can be scaled relative to the de- reinforcing, defined by the reinforcement ratio pv/pu,
flections. For a maximum deflection X. in the deflection which will yield the maximum blast impulse capacity
range OX,:_X,, the impulse coefficient becomes for a given total amount of flexural reinforcing pr.

* (X,\ This ratio is independent of the section depth.
C1'- C1  Equation 6-32 2. There is an ideal section depth which, in('\X )combination with the flexural reinforcing distribution

ard for the range X1 •X,,_X., since (C.-CO) is a defined above and the lacing reinforcement, will give
measure of the impulse capacity between X, and X., minimum cost for the element.
the impulse coefficient is (b) In this chapter, the first item is presented.

Later, in chapter 10, procedures are outlined to enable
X.-X1 the designer to choose the proper section depth whichCu' C1 +•-+ (C.- C1) Equation 6-33 will result in minimum cost.

(c) Equations for the determination of the im-
(b) The final design equations for spalled and pulse capacity for two-way panels with large deflections

unspalled sections and for any maximum deflection were previously presented in tables 6-3 and 6-4. If a
X. are shown in table 6-4. generalized equation is written for the case of a spalled

(c) To facilitate the design procedure, charts section, it can be seen that
have been constructed for the impulse coefficients C1
and C. for two-way elements (the coefficient C. for ibH f Vp' Li"• . y a--, % wa qution 6-34
one-way elements is a constant). It was shown at the d."f& Lp j H
beginning of this chapter that the effective mass factor
(KL j), for a two-way element varies as the yield line (d) As an illustration of the determination of
location ratio y/H or z/L. Furthermore, in chapter 5 the optimum reinforcing distribution ratio pv/ps, con-
it was shown that the yield line location ratio is a sider a two-way panel fixed on three sides having a
function of the span ratio LiH and the moment ratio span ratio L/IH equal to 3 and a total percentage of
[(.,M'v+MvP)/(Ms,+Mp)J. Since the cross sections reinforcing pr (pr-ipa+pv) equal to 1 percent. The
used for large deflectior, design are equally reinforced impulse capacity can be determined for varying values
on each face, the moment ratio is, in effect, the ratio of pv/pm for the deflection X, and also X. from figures
of the reinforcement ratios pv/pm. Thus it can be seen 6-11 and 6-14.
that the impulse coefficients are solely functions of (e) If i'H/dod,'f is plotted versus pv/pa, the

Table 6-4 Doei Equaithn for RElMe•Us Which Rtepond to Impulm

Secuon DefleUon range (0SX..eX.) Def.eetjon range (Xtj-X"X.)

WH X.- X8jplle sectionfl ~j.C1(Xu/Xz) ~,~C1+ (C. CO X~

(onPwng of Conacr.te) pjr TAY& C1 + (C - X,

T
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figure 6-17 for deflection X, and figure 6-18 for do- deflecdon using the values obtained from figures 6-17
flection X.. For the three support conditions presented, and 6-18.

"fi the crack line location for the optimum pv/pH is always (h) If the above procedure is followed for un-

at 45 degrees for deflection X1, For deflection X. the spalled sections, the ideal pvr/p versus LIH curves

t angle is 45 degrees for panels with two sides fixed and will be the same as shown in figures 6-17 and 6-18.

I varies for the others. Thus the optimum pv/pq ratio d. Design for Limited Deflections. The design of ele-
is different for the two cases of structural behavior ments which respond to the impulse with limited de-

S FIXED except when two sides are fixed. fle-tions is acoomplished through the use of equation

(g) The optimum pv/pH ratio for a given ele- 6-23. Impulse coefficients have not been determined for
Sment is a constant for any maximum deflection X, in this case even though the theory and procedures are

the range 0•Xm •X 1 and is determined from figure similar. However, rapid but nonconservative prelimi-
6-17. In the deflection range X 1 5X.._ X. the optimum nary designs can be performed using the impulse coeffi-

t pv/pH ratio varies with the maximum deflection but cients in the previous subpar.graphs. Optimum pv/pH
I can be determined by linear scaling relative to the ratios are the same as for the large deflection design.

C1 Section IV. DESIGN FOR SHEAR

6-10. General possible error is approximately 15 percent. For the

a. After the flexural design of the element has been final analysis, however, the procedures in chapter 5

completed, the required quantity of shear reinforcement should be employed.

must be determined. This shear reinforcement insures 6-12. Elements Which Respond to Impulse

that the desired flexural behavior in the ductile mode a. For elements which respond to impulse, the ele-
will be attained. When the proper shear reinforcement ment cros section is either Type II or III, and lacing

th is not provided, brittle shear failure will occur before reinforcement is always used. The parameters involved
Wi the element can absorb the r-quired energy through enablement of a dd. eparts ilitate
is flexural action. The shear reinforcement is a function the constructo of thonalcrs o facilitatth f the resistance of the element and not the applied loadl, the design procedure. As before, the values of the shear

of the deesignfe of the determination forces or stresses are used with the equations of para-
Sb. The design for shear consists of the graph 5-3 to calculate the shear reinforcing needed.

of of the type and quantity of shear reinforcement at b. When computing the quantity of lacing reinforce-
certain critical locations as specified in paragraph 5-18. ment, the angle of inclination a of the lacing bar is

of It should be noted again, as stated in paragraph 5-5d, determ ne ofigure 6t19
ce that no dynamic stress increase is allowed when de- determined from figure 6-19

it termining the quantity of shear reinforcement to be to the longitudinal reinforcement
t used d-distance between center lines of lacing

6- . Ebends measured normal to flexural rein-
us 6-11. Elements Which Respond to Pressure forcement

Only and Pressurif-Time Relationship R, - radius of lacing bend
6 a. These elements employ stirrups for shear rein- Do - nominal diameter of reinforcing bar

forcement, although isolated cases can arise where (1) Shear coefficients.
lacing would be used (for example, in certain elements (a) The equations presented in section V, chap-

fo which respond to the pressure-time relationship with ter 5, show that the shear forces and stresses vary an
lse Type II cross sections). For elements with Type I the ultimate unit resistance, the geometry and yield
w crcos sections, the equations presented in section V, line locations of the element, and the section depth.
Ty chapter 5, are used to calculate the ultimate support If r. is evaluated and substituted into these expressions,

shears (table 5-12 for one-way elements and table 5-14 it can be shown that the ultimate support shear V. can
ch for two-way elements) and the ultimate shear stresses be represented as an equation in the general form
she at distance d from the support (table 5-13 for one-way
for elements and table 5-15 for two-way elements). These V. , f c Equatin 6-35
at$ values are substituted into the equations of paragraph L

ele 5-3 to determine the amounts 9f shear reL-forchig to
Val H Le provided. For the design of elements with Type II and the ultimate shear stress at distance da from the

cross sections, refer to pararaph 6-12. support as
be X., b. Rapid though unoonsorvative preliminary designs . - Cpf Equ n 6-36

of type I cross sections can also be accomplished ucing
b the method outlined in paragraph 6-12. The maximum where C is defined as the shear coefficient, p is the

of
the 6-21

I1 -. E

1$ F -
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Table 64*.. Shear Coicients for Ultimate Support Shear for zontal directions, respectively, The shear coefficients are
One-Way Elements (Cross Sections Type 11 and 111) listed in table 6-7, and, for the trapezoidal sectors only,

-- - - _ _are plotted in figures 6-20 through 6-23.S~Ultimate support
Eda, conditions sleae euiort (b) Ultimaie shear diress. The ultimate shearS•'•. • E p coditins *ear coefflcient

__ stress vuy in the horizontal direction (alongside H) at
distance dc from the support for a two-way element

Cantilever 2 V.11 = CRp,, fd. Equation 6-41

and in the vertical direction (alongside L) as

.0 VuV = Cvpv fd. Equation 6-42 f

Fixed supports 8 where Cm and Cv are the horizontal and vertical shearI L r coefficients, respectively. The shear coefficients, given
_ _ __ _in table 6-8, vary as dl/x or dl/y in the simpler cases

and as x/L or y/H and d/H or d/L in the more compli-

cated cases. The simpler case with only one variable
is associated with the triangular sector or sectors of the

flexural reinforcement ratio, and fd, ib the dynamic element considered. The second case is associated with
design stress for the flexural reinforcement, the trapezoidal sector or sectors.

(b) The shear coefficient C is different for each the sear oectorse

case and also different for one-way and two-way ele- c.. The shear coefficients for the triangular sectors
maent. aSpecificfvaluesaret f irndicy ind thefollowig e can be read directly from either figure 6-24 or 6-25,meats. Specific values are indicated in the following depending on the yield line location, since only one
paragraphs of this section. variable is involved. For the trapezoidal sectors, two

(2) One-way elements, figures are required. Plotting the shear coefficierts for
(a) Ultimate apport shear. The ultimate sup- the trapezoidal sectors versus dI/L for values of y/H Thr

port shear V, for a one-way element (such as a beamport sleab i or against d(!H for x/L leads to a family of curves for
or slab) is each equation. Each curve has a different maximum

pd value Cm which occurs at varying values of diL or
V, = C, Equation 6-37 dI/H, and accurate interpolation with these curves is

L not possible.

*where C, is the shear coefficient and equal to a constant. d. Using a method of coordinate transformation, the
Values of C, for several one-way elements are given in family of curves has been reduced to a set of curves
table 6-5. with a common ma.'imuni point defined, using the

(b) Ultimate shear stress. The ultimate shear horizontal shear coefficient as an example, by CH/CM . 1
stress v. at distance d, from the support for a one-way and (d./L)/(d,/L)M= 1. By coincidence, the left-hand
element is portions of the curves become identical, and accurate

interpolation in the right-hand portion is now possible.
V.= Cdpfd. Equation 6-38 The quantities CM and (d4/L)4, represent the coordi-

where Cd is the shear coefficient and a function of the nates of the maximum poiut on the original curve.
ratio d,/L. Values of Cd are shown in table 6A-6.

(3) Two-way elements. TabWe 6-6. Shear Coefficients for Ultimate Shear Stress at Distance

(a) Ultimate support shear. For a two-way ele- d. From the Support for One-Way Elements (Crosn Sections Type
meat, the ultimate support shear V., in the horizontal II and II1)
direction (along side H) is represented as

Ultimate shear
Edge conditions atres co.efient

V, - C,,H p-,df. Equation 6-39 Cd

and in the vertical direction (along side L), V.v, as Cantilever 2 (41L)! • X (I -d.1L)

V - C pvdf Equation 6-40 e.

• s1&6-26

where C, and C.vr ai c the horizontal and vertical shear L X (I-d./L) para
coefficients, respectively, which vary as the yield line - or y/
location ratos x/L or y/H, ano pv and p, are the The

flexurail reinforcemont ratios in the vertical and hori- .. (iL.)

Pp
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ear coefficients are Table 6-7. Shear Cmjficienta for Ultimate Support Shear fm, Two.Way EBlmesi8 (Cross 44diom Type II avW III)

zoidal sectors only,
("-23. Edge conditions Yield line loestion lHoriocatal ultmate Suppurt Vertical Ultintate SUIport

eh2ear oesoient C,. shear coefilent C.i
he ultimate shear

n (alengside H) at
"wo-way element X

Equation 6-41

ide L) as Two adjacent edges -8 6(2-x/L)(3+2z/L)

fixed and two edges x1L (6-x/L) (3 -2z/L)
Tw Equation 6-42 free

I awid Nertical shear
f coefficients, given 6(2-y/H)(3+2y/H) 6

n the simpler cases.. _. (6-y/H)(3-2y/H) t/H

in the more compli-
only one ;.ariable F

tor or sectors of the L

e is associated v.ito

triangular sectors
gure 6--24 or 6-25,
on, since only one
ezoidal sectors, two
hear coefficients for 6 6(I-z/L)(3+4x/L)

for values of y/H Three edges fixed and

family of curves for one edge free ./L (3- /L) (3-4z/L)

different maximumS values of d,/L or E 12(2-y/H) 8

with these curves is (3-y/H) v/H

transformiation, the r.IFA7 r

to a set of curves L
defined, using the
mple, by CR/CM = I

lence, the left-hand
iritical, and accurate -40

tion is now possible.
present the coordi-
original curve. -e6 24(1-L)

Four edge~s 'ixed alL (3-4x/L)

Four Shear Stress at Distancd
is (Cross Sections Typpc4( -yH

stress coefficient IFie 01.0 IF O"_-_____--____"(3 -4y/H) y/H
Ultimate shear 

__.0.0 

"-44

-- 2 (de/L)

X 01 -d4/L) x, c, L, H (in.)

e e. The above sets of curves are presented ir, figures f. It should be noted that when designing two-way

"16(de/L) 6-26 through 6-37. When using these curves, the shear panels, the shear forces and stresses must also be

6-26 X (i -dl L) parameter curve is entered first with the value of x!L checked in the post-ultimate range using the equations
or y/H to determine Ci and either (do/H)M or (d./L) M. for one-way elements as previously discussed in section

para The second curve is then used to determine Cv or Cli. V, chapter 5.
or y/

Th 6-23

1- - II .l& f
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Table 6-8. Shear Coeffletiews for Ultimate Shear Streas at ))haumce d. From the Su~pport for Twe..Waj,

Edge conditions Yield licre location Llinite Horimontal iltimato ahier stress coefficelnt

Two atdjacent edges fixed and two 0:d15J3(.1,-4d./*)'

edges free

Or --01, 6-~/I-dyL

ild./x•I ( d2/H ) (1 -d./L)(-yH d

J:5dl~12 (d./L) (3 -si/H) (I -2dn/L. (I - y/I -2,

Tohre edges fixed anOn eg re :d,/x J 3004.1x) (1-d.10

(5( ) (- -d./x)

12(d./L)(6-y/H)(1-2d 0 /L)(2-y/H-2

d., x, avL, H (in.

'44 /(6yH-dy/H 3fA



'lyDistane d,. Fro~m Mhe Suspport for Two-Wayi Relmnet (Croae Setdiwi Type 11 avid 111)

ant CI( Iforisontal ultintate shear strew coefficient Cv Lunit. Ve.rtical ultimate shear strew coeffiohrnt 0%,

(5 -4d,/x) OdHI(3 -2x/L) (6 -x/L -4d~x/HL)I

5 (dlx d.1x)(d./H) (3 +2zT/L) (I -d,/H) (2 -x/L -d.X/UHL)
___ (3 -2xIL) (I- d~x/IL)

6 (d.1L) (3 +2u/H) (I -d./L) (2 -ý/H -d.y/LH) 30 (d./y) (I - d./y)'

(3~ -d/H (3/H (+-4x/)IL)0 .y (1 -d,/Y) ( zL-~/L

1(d. /L) (3-zgli )(0 - d, IL) (2 -- Y/H -2d.LH) 5 (d,/Y) (I -d.,y)'

(3 - 2y/H) (I - d~y/LHi) - j<,y< (dj I-.

30(td.x) (I - d./x)' 0:d2454(d./H) (3 -4x/L) (1 -2d./H) (I - /L - d~zML)
(5 -4./x) O~,(3 - 4/L) (3 - XL -8dMx/HL)

.5(d~,/z) (I - dlx) 2 Kd./H (3-+4x/L) (1 -4dý/HL)(Ixf -xHL

12d 2(d/lb) (3-y/I!) (I -2d./L) (2 -y/H -2d.Y/LH) ________________ ( - /y)

(3 -2y/Hf) (I -44.y/LH)

30(~l)(I-~l ~ 0ý.Iýj 41)(3-x1)(I-2d1) I- / -2z6.L
(5-4./x (3 4XL) ( - 1L -Sd.IHL
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Section V. COMPOSITE CONSTRUCTION 10,000-

6-13. General of the sand (para 6-13) must be included in the caleu-
The use of composite constructioa•, e!ernets composed lation. 'rh following empirical procedure illustrates
of two concrete panels (donor and receiver) separated the method used for the analysis of composite elements.
by a saad-filled cavity, has certain characteristics useful The attenuating ability of the sand for blast wave

in the blast resistant design of structurea located close-in dispersion and energy absorption is obtained from either
to a detonation, The mechanisms by which composite figure 6-38 or 6-39:
elements resist the blast pressures ore (1) the strength (1) Assume charge weight H7,

and ductifity of the concrete panels and (2) the blast (2) Calculate P,. and P', (where P,• equals scaled

attenuating ability oi the sand fill. The attenuation of thickness of the concrete planel and ', equals scaled

the blast by the sand is accomplished by (1) the in- thickness of the sand).

creased mass it affords to the concrete portions of the (3) Calculate ib (scaled unit blast impulse) which 1000

wall, (2) the increased distance the blast wave must can be resisted by each concrete panel.

travel due to the increased wall thickness produced by (4) Using either figure 6-38 or 6-39,E
energy absorbe oriyt the dislacmen aod coprsso (saldblsthe sand (dispersion of biast wave), and (3) the blast (a) Enter ordinate at value of 4b (scaled blastimpulse which can be resisted by the receiver panel).

of the sand particles. (b) Proceed horizontally from iba to •. I..u(c) Proceed vertically from P'. to 7,.
(d) Proceed horizontally from P, to 1. (sum of6-14, Analysis of Composite Elements scaled unit blast impulse resisted by the receiver panel .

a. The method of calculating the impulse capacity and the :caled unit blast impulse absorbed by the sand).
of composite elements is similar to that for single con- (5) Calculate the summation of 1w (scaled unit I
crete elements except that the blast attenuating ability impulse which can be resisted by the donor panel) 1001

i i H

20-

.-• and La to give it,

be resisted by the
(6) Determir

acting on the corn
(7) Compare

44V 4cipient failure coni
( (8) If the bJ

by the composite

1O0 produced by the
must be repeated

b. In the above]

the mass of the sat

- T concrete. Therefot
pacity of each par
as the mass of tI

DENSITY OF SAND - 85pc one-half the sand
(para 6-6). Becau
pression (equation

O..... impu'se resisted b3

Figure 6-38. Attenuation of blast impulse in sand and concrete.
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111 -f. _ - 3

200

Figure 6-39. Allenuatim' of blasi ivap'se in sand and concrue.

and T. to give 4s, (total unit blast impulse which can must be modified hy multiplying the values of C, and

the be resisted by the wall). dweez.i h egtdn(6) Determine the scaled unit blast impulse ib U, by {d+E (2]/ hr .i h egtdnmrmi acting On the composite element (cll. 4). WG
(7) Compare ib, and ib (ib, is equal to T6 for in Lity of the sand If neither scnbbing nor spalling of the

pare cipient failure conditions or less). receiver panel occurs, then the above correction is
CO~l(8) If the blast impulse which can be resisted modified by replacin~g the value of d by T,. This cor-

tebby the composite clement is not equal to the impulse rection factor is applied to equation 6--81.
~steproduced by the blast, then (1) through (7) above c. Explosion response slab tests have indicated that

the must be repeated for another assumed charge weight. the density of thef sand fill affects the amount of blast
ttdb. In the above procedure (a (1) through (7) above), energy absorbed by the sand displacement, i.e., the
~O~Cthe mass of the sand is assumed to act with that of the higher the initial sand density, the smtaller the amount

ke 8111 conc-rete. Therefore, for computing the impulse ca- of blast energy absorbed. Algo, it was observed iii the
,refo pacity of each panel, the total effective mass~ is taken above responlse tests that for a unit weight of sand

I alas the mass of the concrete which is effective plus equal to 100 pcf, the deflection of the donor panel is
of t one-half the sand mass times the load-mass factor approximately equal in magnitude to the deflection of
sand (para 6-6l). Because of this increase in mass, the ex- the receiver panel. On the other hand, with a unit

preission (equation 6-30) which defines the unit blast weight of sand fill equal tW 85 pcf, it was oL~erved that
Itdob impulse resisted by either the donor or receiver panels the deflection of the donor panel usually was signifi-

At _ _ _



cantly larger than that of the receiver panel. T!his d. Bamed on the a)ove information, it cnn be seen
latter phenomenon was caused by the fact that, with that if near equal displacement of the donor and re-
the lower density, the sand had more voids and there- ceiver panels are destred, then a unit weight. of sand
fore more roon for movement of the sand particles, fill equal Wo 100 pef should. be used, whereas a variation
Thi6 sand movement in turn permitted larger displace- of the displacement of donor aad receiver panels can
ments of the donor panel before tho near solid state of be achieved using a unit weght of sand equal to 85 pcf.
the sand ocicurred.

IR,
S I I Ii
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APPENDIX 6A. STRUCTURAL DESIGN IN THE DUCTILE MODE Proceducr-
ILLUSTRATIVE EXAMPLES

Step 1. S

PROBLEM 6A-1. PLASTIC LOAD-MASS FACTOR

ProbZam: Determine the plastic load-mass factor KLM for a two-taay Step 2. F

element using (1) general solution and (2) chart solution.

No te "
CThe deLermination of the plastic load-mass factor follows lie r

calculations foc the ultimate resistance, hence the structural
configurati#ii and the location of the plastic yield lines will
be known.

?Procedure (Part a - General Solution): Required:
ample 5A,
solution

Step 1. See part a, problem 5A-1 of appendix 5A for the structural
configaratior ard location of plastic yield lines. Denote
sectors formed by yield lines. Solution

Step 2. Determine the load-nass factor properties I, c, and L for Step 1. C:
all sectors. 61

Step 3. Decermine the ractor I/cL for all sectors.

Step 4. Calculate the total area of the element.

Step 5. With values obtained above, caiculaue the plastic load-mass
factor for the element using equation 6-14.

I
KIM .~. (eq. U-14~)

A

'Vote:

In the above problem an element of uniform thickness was con-
sidered. For ncn-uniform elements, the load-mass factor is
calculated using equation 6-13 where the mass of the individ-
ual rectors must be consideted.

"42/

now-



Procedure (Part b - Chart SoZution): $
durt.

Step 1. See part b, problem 5A-i of appendix 5A for structural config-
uration and location of plastic yield lines in terms of x/L
or y/H.

Step 2. For known value of z/L or y/H and support condition, deter-

2. Fmine the load-mass factor for the element from figure 6-5.

3ote:

Chart solution may be used only if the element conforms to the

C requirements listed in paragraph 5-9.

r

EXAMPLL 6A-1. PLASTIC LOAD-MASS FACTOR

Required: Plastic load-mass factor for the element considered in ex-
ample 5A-l(A) of appendix 5A. usiirg (1) general solution and (2) chart

.e 5Asolution.

A.ion

Solution (Part a - General Solution):
:on Step 1. Given Ptructural configuration and location of yield lines

shown below (see part a, example 5A-l(A) of appendix 5A).

s

.L L - 240 in

H - 168 in

__ x - 120 in

21 2 •y - 134.8 in

U/[//T = const. thick.

Figure 6A-1

6



Step 2. Load-mass factor properties.

a. Sector I

"-JI~g - / /, /"XIS OF

Figure 6A-2

L " y -134.8 in 
St

c - y/3 - 134.8/3

- (L 240(134.8)3

12 12
b. Sector II

St,
ctg.

+

St,

~-' AXIS OF

ROTATION

Figure 6A-3

l/
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L't x -120 in

H -y -168 - 134.8 -33.2 in

Lt CH +2 (H-yN] 120o[168s+2 (33.2)]

3[if + (11-y)] 3 (168 + 33.2)
AXIS OF
ROTATION c 120 (0.388)

Ste 
S (120)3 22.3 (120)3

Step 3. Calculate factor I/cL' for each sector:

240(134.8)3

Sector I, 1 12 - 8,090
ZL'- 134.8 348)

)3 4.

Sector 22.3(120)3 2
S I' L Z (0.388 x 120)(120) - 6,900 in

Sector III. _j, 6,900 in
cL'-690n

Ste

Step 4. Area of panel

Ste 
A - LH - 240 (168) - 40,320 In2

Step 5. Load-mass factor

K aM A (eq. 6-14)

SLM-8.090 + 2(6J900) 0.543
40,320

M -40
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Solution (Part b - Chart Solution):

Step 1. Given: Panel fixed on 3 edges, 1 free and y/1 - 0.803
(see part b, example 5A-l(A) of appendix 5A). Step 6.

Step 2. From figure 6-5, read load-mass factor

KLM = 0.543 "Step 7.

PROBLEM 6A-2. ELEMENTS DESICNED FOR THE
PRESSURE-TIME RELATIONSHIP

Problem: Design an element which responds to the pressure-time rela- Step 8.
tionship.

Note:

Steps 1 through 5, 12, and 13 are general for both one- and
two-way elements. Steps 6 through 11, 15, and 16 are specific
for one-way elements, however, references are given defining
similar procedures for two-way elements.

Prooedure:

Step 1. Establiah design parameters:

a. Blast loads including pressure-time relationship (ch. 4). Step 9.

b. Deflectiou criteria.

c. Structural configuration including geometry and support
condition. 

S e 0d. Type of stection available to resist blast, Type I, Ii or IIIStp 0

depending upon the occurrence of spalling and/or crushing
of the concrete cover.

Step 2. Select os3 section of element including thickneso and concrete Step 11,
cover over reinforcement. Also determine static stresses of
concrete and reinforcing steel (table 5-4).

Stop 3. Determine dynamic increase factors for both concrete and rein-
forcement from table 5-3. Using the above DIF and the static Step 12
stresses of step 2, calculate dynamic stresses.

St:p 4. Assume percent reinforcement and bar size. Also, calculate
de (d or dc depending upon type of cross section available to
resist blast) for both the positive and negative moments.

Stop 5. Using tho area of reinforcement and the value of de from
stop 4, and the dynamic stresses of step 3, calculate the
moment capacity (pars. 5-2) of both the positive and negative
reinforcement.

- /



NO te:
NO Steps 6 through 11 are required to determine the actual and

equivalent resistance-deflection curves for or.e-way elements.
To obtain these curves for two-way elemenLs see problem SA-2.

To Stap 6. Using the equations of tables 5-5 and 5-10 and the moment capac-
ities of step 5, calculate the peak resistance in the alastic

"* Us range and the ultimate resistance in the plastic range.
it
ra Step 7. Using equation 5-17, the static concrete stress of step 2, and

the unit weight for concrete equal to 150 pcf, calculate the
" Us modulus of elasticity for concrete. With the above modulus for
th concrete and that for stecl (equation 5-18) and equation 5-19,
mo calculate the modular ratto.
co
ca Step 8. With the uce of oquatior 5-21 and the assumed concrete thick-

ness of rtep 2, calculate the gross moment of inertia of the
"* W. concrete. Using the values of de for the negati've and posi-.

co tive reinforcement of stop 4, calculate an average value of dAlso calculate an average percent of positive and negative e

ti C reinforcement using the above (!, and tha area of reinforcement
Al of step 4. With the value of p (avg) and figure 5-5, determine

the value of the constant F and calculate thq moment of
of inertia of a cracked section with equation 5-22. Also calculate
th the average moment of inertia for the element by averaging the
in gross and cracked moments.of inertia.tS

aStep 9. Using the equations of table 5-11, and the modulus of elasticity
of step 7 and the mornent of inertia of step 8, calculate the

Us stiffness of the element in the elastic and elasto-plastic
Cf ranges.
a

r Step 10. Using the resistances and the stiffnesses calculated in steps
6 and 9, respectively, calculate the deflection, in the elastic

.U and elasto-plastic ranges.
6
a ete Step 11. With the use of the deflections of step 10 and equation 5-50 or
W 5-51, calculate the equivalent maximum elastic deflection XE.
5 Also calculate the equivalent elastic unit stiffness K from

A equation 5-52.

C Step 12. Determine the load-mass factor KLM for the elastic, elasto-

L2. D plastic and plastic ranges from table 6-1. The average load-
mass factor for the element is obtained by taking the average

P KLM for the elastid and elasto-plastic ranges and averaging
K this value uith the KEM of the plastic range. In addition,

calculate the unit mass of the element (account for reduced
conctete thickness if spalling is anticipated) and multiply

c this unit mass by KLM for the element to obtain the effective
c unit mass of the element.
t.
u



Step 13. Using the effective mass of step 12 and the equivalent stiff-
ness of step 11. calculate the natural period of vibration TN
using equation 6-15.

Required:
Step 14. Determine the response chart parameters: strained

a. Peak pressure B (step 1). Step 1. G

b. Peak resistance r (step 6). a

C. Duration of load T (step 1). b

d. Natural period of vibration TN (step 13). C

Also calculate the ratios of peak pressure B to peak resis- d
tance ru and cturation T to period TN. Using the ratios

and figure 6-7, determiue the value of X m/X L and tm /TN

Compute the value of X and compare it to the maximum permis-m

sible deflection of step 1, and if found satisfactory proceed
to step 15. If comparison is unsatisfactory, repeat step 2 to
step 14. In addition, compute the value of t M/t from

tm/T N and T/TN and assuming that T - to. Determine whether

or not correct procedure has been used; for elements to respond
to the pressuLe-time relationship, 3 < tm/to < 0.1.

Step 15. Using the ultimate resistance of step 6, the value of de of

step 4 and equation of table 5-13, calculate the ultimate
diagonal tension shear stress at distance d from the Step 2. Se Ir

support. Also calculate the shear capacity of the element from
equation 5-10. If the capacity is greater than that produced
by the load, shear reinforcement is not required. However,
if the shear produced by the load is greater than the capacity,
then shear reiforcement must be added to resist the excess.
(For two-way elements use equations of table 5-15).

Step 16. Using the equations of table 5-12 and the ultimate resistance
of step 6, calculate the shear at the support. Also calculate
the direct shear capacity of the element using equation 5-12.
If the capacity is greater than that produced by the load, the
member is safe. But, if the reverse is true, then the thick-
ness of the element must be increased. However, if lacing is
used then diagonal bars must be provided to resist the direct
shear. (For two-way elements use equations of table 5-14).

(
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stiff- EXAMPLE 6A,-2 ELEMENTS DESIGNED FOR THE
tion TN PRESSURE-TIME RELATIONSHIP

ed: Required: Design a wall which spans in one direction and is fully re-
ined strained at both supports for a given blast load.

.Gi Step 1. Given:

a. a. Pressure-time loading (fig. 6A-4).

b. b. i-aximuI, deflection equal to 3 tines elastic.

C. c. Structural configuration (fig. 6A-4).

d. resis- d. Type I cross section.
ratios

I/TN.

um perois- 16is P

proceed
step 2 to T

2om8m
ne whether \TIM _

to resp)ond 28m,
BLAST LOAD SECTION

de of Figure 6A-4

mate
2. Se he Step 2. Select cross section of element and static stress of reinforce-

Sement from ment (A432) and concrete.

produced
owever, Vf A 3,000 psi (assumed)

: capacity, • •--INTERIOR c
excess. SURFACE

1CL. CL. f 60,000 psi (table 5-4)
5s±stance Y

calculate
on 5-12. -POSIIVE
load, the REINF Assume Tc - 12 in. and
e thick- NEGATIVE concrete cover as shown.
acing is REINI,
te direct
5-14).

Figure 6A-5

, at
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Step 3. Determine dynamic stresses. StE

a. Dynamic increase factors - DIF (table 5-3).

Concrete:

Compression - 1.25
Diag. tension - 1.00
Direct shear - 1.10

Reinforcement:

Banding - 1.10

Shear - 1.00

h. Dynamic stresses.

Concrete:

Compression - 1.25 (3,000) - 3,750 psi
Diag. tension - 1.00 (3,000) - 3,000 psi
Direct shear - 1.10 (0.18)(3,000) - 600 psi

Reinforcement:

Bending - 1.10 (60,000) - 66,000 psi
Shear - 1.00 (60,000) - 60,000 psi

*See equation 5-12.

Step 4•. Assume reinforcement and calculate d. Sta;

Note:

Assume minimum reinforcement and No. 5 bars.

p (min) - 0.25% (table 5-1)

Negative moment. d - 12 - 1.5 - 0.3125 - 10.1875 in

Positive moment. d - 12 - 0.75 - 0.3125 - 10.9375 in

As -0.0025(12)(10.9375) - 0.328 in 2/ft (eq. 5-2)

Use No. 5 bars at 11 in. o.c.

A - 0.34 > 0.328 in 2 /ft
a

6 -46



Step 5. Calculate moment capacity of both positive and negative reinf.4

Step a. Depth of equivalent rectangular stress block-

a=As fdy 0.3 9 ý~6Og)0 056 in

b. Moment capacity (eq. 5-1).

0.34 (66.00Qý10.1875 - 0.586/2)

-18,500 in-lbs/in

M 0.34 (66,000)(10.9375 - 0.586/2)
M 12

- 19,900 in-lbs/in0

Step 6. Determine elastic and ultimate resistances.

ýtop 6 a. Elastic resistance (table 5-10).

r mI"MN 12 (18,500) -10.71 psi
u L2  (144)2

b. Ultimate resistance (table 5-5).

r - M P 8 (18,500 + 191900)1- 14.81 psi
u L 2 (144 )2



V*" M Awl..

Step 7. Determine modulus of elasticity and modular ratio. stI

a. Concrete (eq. 5-17)

Ec - 1.5 33,fý- (150)1"5 (33)(3000)½ - 3,32 x 106 psi

b. Steel (eq. 5-18)

ES - 29 x 106 psi

Es 29 x 10 6

c. n =. . ..- 8.73 tc 3.32 x 106

Step 3. Determine average moment of inertia for a one inch strip.

a. Gross moment of inertia (eq. 5-.21).

bT 3  (12J3 4
C. . .SJ2- . _... . 144

12 12

b. Moment of inertia of cracked section (eq. 5-22).

d(avg) -10.1875 + 10.9375d~v)-2 =10.5625 in

A StiA 0.34p(avg) - bd(avg) = 12(10.56) 0.00268

-',F - 0.0175 (fig. 5-5)

I - F b d 3(avg) - 0.0175 (1)(10.56) 3 20,6 in

a. Average moment of inertia (eq. 5-20).

I144 + 20.6 82.3 in 4

a 2 2

/
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Step 9. Calculate unit stiffnesses.

a. Elastic range unit stiffness (table 5-11).

106 psi K 384 c I a 384 (3.32 x 10 6 ) (82.3) -244 lbs/in3

K ~ -- 44Isi

b L i (144)4

b. Elasto-plastic rarge unit stiffness (Lable 5-1.1).

384 E I Kc a e 244 48.8 lbs/in3

ep 5bL 4  -

Step 10. Calculate elastic and elasto-plastic deflections.

a. Elastic deflections.

re 10.71
Xe r - t-4 - 0.0439 in

e

b. Elasto-plastic deflection.

r - r
X -X a u e14.81-10.71 - 0.0840 in

p e K 48.8ep

X - 0.0439 + 0.0840 - G.1279 in
p

Step 11. Calculate equivalent elastic deflection and stiffness.

XE Xe +X (i-r /r ) (fig. 5-50)X Xe p -re/u)

- 0.0439 + 0.1279 1- - 0.0793 in
1 4.1)

u 14.81 l86.F lbs/in3

'E To n.0793

T,! 7 P

- I ý ; _77
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Step 12. Calculate effective mass of element. Step

a. Load mass factors (table 6-1).

Elastic range - KLM - 0.77

Elasto-plastic range - KLM a 0.78

Plastic range - KLM - 0.66

KLM (avg. elastic and elasto-plastic) - 0.78

K (avg. elastic and plastic) - 0.78 + 0.66 0.72
LM 2

b. Unit mass of element,

w T .1 2,700 lb-ms 2/in3
g 32.2 (1728)

C. Effecti-ve unit mass of element.

Step

2 3
me - KLM m - 0.72 (2,700) w 1,944 lb-ms /in

Step 13. Calculate natural period of vibration.

TN 21r m (eq. 6-15)

KE

- 2(3.14)\§Y8-6 4 20.3 ms

V 1' .4

- /
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ep Step 14. Determine response chart parameters (fig. 6-7).

Peak pressure, B - 16 psi (step 1)

Peak resistance, ru - 14.81 psi (step 6)

Duration, T - 28 ms (step 1)

Period of vibration, TN M 20.3 ms (step 13)

B/ru = 16/14.81 - 1.08 and T/TN n 28/20.3 - 1.38

From figure 6-7;

X /XE = 2.80 < 3 (step 1)

.,.use assumed section.

t t t tm/TN
-- 0.75 + -2 = = 0.7-=5. 0.543T t T TT7 1.38N o N

The correct procedure has been used since t m/t - 0.543 is

within the range, 3 > t m/t 0.1.

Step 15. Check of diagonal tension at d distance from support.

a. Ultimate shear stress (table 5-13).

Vu d e where d d (of negative moment)
e

W 14.81 (72 - 10.1875) 89.9 psi
10.1875

b. Allowable shear stress (eq. 5-10).

-M [l.9VT + 2,500 p] < 2.28 OV/•

- 0.85 .9 (3,000)ý + 2,500 0.3411, 12 (10.1875)3

- 94.4 psi > 89.9 psi

Note:

No stirrups required.

2;
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Step 16. Check of shear at supports.I a. Ultimate shear (table 5-12).

r L
u 1 14,81 (144)

V -- 2 = 1,066 lb/in

b. Allowable shear (eq. 5-12).

Vd - 0.1.8 f;, bd - 0.18 (3300)(1)(10.1875)

- 6,050 lb/in > 1,066 lb/in

PROBLEM 6A-3. ELEMENTS DESIGNED FOR IMPULSE-
LARGE DEFLECTIONS

Problem: Design an element subjected to an impulse load for a large
deflection.

Procedure:

i i Step 1. ERtablish design parameters:

a. Impulse load and duration (ch. 4).

b. Deflection criteria.

c. Geometry of element.

d. Support conditions.

e. Type of section available to resist blast, Type II or III
depending upon the occurrence of spalling (ch. ?).

f. Materials to be used and corresponding static design
strengths (table 5-4).

g. Dynamic increase factors (table 5-3).

Step 2. Determine scatic design stress for the reinforcement according
to the deflection range (support rotation) required by the
desired protection level (para. 5-6).

Step 3. Determine dynamic design stress for the reinforcement.
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Step 4. Determine optimum distribution of the reinforcement according
to the deflection range considered (para. 6-9c and figs. 6-17
and 6-18). Step not necessary for one-way elements.

Step 5. Establish design equation for deflection range considered and
type of section (type TI or III) available (table 6-4).

Step 6. Determine impulse coefficient C1  and/or C for optimum

pV/p[ 1ratio and L/I1 ratio.

Note:
If the desired deflection Xm is not equal to X1 or Xup

determine yield line location (figs. 5-9 through 5-11) for
optimum pV/pH ratio and L/H ratio and calculate Xm,

X,, and, if necessary, Xu (table 5-9).

large Step 7. Substitute known parameters into equation of step 5 to obtainlargerelationship between p H and d c.

Step 8. Assume value of dc and calculate H and from optimum PV/P 11

calculate pV" Select bar sizes and spacings necessary to

furnish required reinforcement (see ch. 9 for linitatious).

Step 9. For actual distribution of flexural reinforcement, establish

yield line location (figs. 5-9 through 5-11).

Note:

L FVN+'VP L [ PV L [ A8 V

I or ITI NN [u+'11Pi H1 p L AsHJ

2 A
ign since MN Mp fpdc 1 dc f

Ndc dsb cda

Step 10. Determine the ultimate shear stress at distance d cfrom the
C

support in both the vertical (v from eq. 6-42) and horizon-.accordingu q -2)adhrzn

the tal (vuH from eq. 6-41) directions where the coefficients
C and CH are determined from figures 6-24 through 6-37 (see

para. 6-12b(l) for an explanation of the figures and parameters
involved).

77'-49
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I

Step 11. Determine the shear capacity vc of the concrete in both the Step

vertical and horizontal directions (shear stress permitted on
an unreinforced web (eq. 5-10)).

Step 12. Select lacing method to be used (fig. 9-4). (Note. Lacing
making an angle of 450 with the longitudinal reinforcement isS~most efficient.)

Step
Step 13. Determine the required lacing bar sizes for both the vertical

and horizontal directions from equation 5-11b where the para-j meters be and se are determined from the lacing method used

(fig. 9-4), and the angle of inclination of the lacing bars

ca is obtained from figure 6-19. The lacing bar size D
0

must be assumed in order to compute dc and RL. (Note. See

paragraph 5-3a for limitations imposed upon the design of
the lacing.)

Step 14. Determine required thickness Tc for assumed d c selected

flexural and lacing bar sizes, and required concrete cover.
Adjust Tc to the nearest whole inch and calculate the actual
d. c
c

Step 15. Check flexural capacity based on either impulse or deflection. Requir.
Generally, lacing bar sizes do not have to be checked since mult
they are not usually affected by a small change in dca

a. Cheok of imputee. Compute actual impulse capacity of the
element using the equation determined in step 5 and compare
with anticipated blast load. Repeat design (from step 8
on) if capacity is less than required.

b. Check of defZeation. Compute actual maximum deflection of
the element using equation determined in step 5 and com-
pare with deflection permitted by design criteria. Repeat
design (from step 8 on) if actual deflection is greater
than that permitted.

Step 16. Determine whether correct procedure has been used by first com-
puting the response time of the element t (time to reach

m
maximum deflection) from equation 6-24 or 6-25, depending on
the deflection range considered in the design, and then compare
response time t with duration of load to For elementsmo
to be designed for impulse, t > 3 t

m o

40 -L
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Step 17. Determine the ultimate support shear in both the vertical (Vsv

from eq. 6-40) and horizontal (Vsll from eq. 6-39) directions.
The coefficients CsV and Csal are determined from table 6-7

and figures 6-20 through 6-23 (see para. 6-12b(3) for an ex-
planation of the figures and parameters involved).

Step 18. Determine the required diagonal bar sizes for the vertical and
horizontal (intersecting elements may control) directions from
equation 5-13. Diagonal bars should have the same spacing as
the flexural reinforcement (fig. 9-8).

Note:

To obtain the most economical design repeat the above steps for
several wall thicknesses and compare costs. Percentages of
reinforcement may be used to reduce the amount of calculations.
In determining the required quantities of reinforcement, lap-
ping of the bars should be considered.

EXAMPLE 6A-3. ELE.¶ENTS DESIGNED FOR IMPULSE-

LARGE DEFLECTIONS

Requi•ed: Design the back wall of the interior cell (fig. 6A-6) of a
multicubicle structure for incipient failure.

•reir8c
Ultic

SJ28

at 
_

PLAN ELEVATION
om-

are
Figure 6A-6



So Zution: Step 6.

Step 1. Given:

a. - 3,200 psi-ms and to a 5 ms

b. Incipient failure

c. L - 336 in, H - 120 in

d. Fixed on three edges and one edge free

e. Type III cross section

fo A432 reinf. f U 60,000 psi and f - 90,000 psiy u

concrete fc' - 4,000 psi

g. For reinf. DIF - 1.20

Step 2. Static design stress.

f +f
y U 60.000 + 90,000 75,000 p

s 2 2 Step 7.

Step 3. Dynamic design stress.

f (DIF) fs " 1.20 (75,000) - 90,000 psi

L 336
Step 4. From figure 6-18 for -g T 2.8

H 20

Optimum Pv/PH - 1.41

Step 5. From table 6-4 for type III cross section Step 8.

2
ib H xm xb .. .c +(C- C m I1

PH dc 3 fds u

But since X m X (incipient failure)m u

i b2 H
pH d: fd. Cu

a ---
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6. Step 6. L/H 2.8 is not plotted on figure f-14, therefore must inter-

polate for optimum pv/PH.

For p /pl - 1.41

T./H 144 C x 10-4

1.5 8.82
2.0 7,87
3.0 6.44
4,0 5.57

si From figure 6A-7, 144 Cu x - 6.70

so that

c -6.70 
x 104

u 144

7. Step 7.

3 1b 2 H

u cds

3 (3,200)2 (120)(144) * 29.3

Pde C (6.7 x 10)( X 104)

8. Step 8. Assume dc -21 in

29.3 2.2 3 000317
PH d3 33(21)3

c

PV - (Pa) m 1.41 (0.00317) 0.00447

A - 0.00317 (12)(21) - 0.80 in 2/ft - Use #8 @ 1i
(A8- 0.86)

AsV " 0.00447 (12)(21) - 1.13 in 2/ft - Use #9 @ 10
"(As - 1.20)
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L/H

Figure 6A-7. interpolation for L/R 2.8.



Ste Step 9. Yield line location.

Actual Pv AV 1.20

;H AýsH 0 = 8

From figure 5-10 for L sV - 2.8 (1.40)3- 3.31
Tj sHj

x/L - 0.385, x - 0.385 (336) - 129 in

X=129" x =12v"

L = 336"

Figure 6A-8

Ste Step 10. Ultimate shear stress at distance d from support.C

a. VortiaaZ Direction (aZong L)

dF c 21
For T-- a t - 0.175 and x/L - 0.385

From figure 6-30. H(,S - 0.49 and CM - 1.07

d /H

itt

For c 0.175 0.357(dll11 ,

cI



CV
From figure 6-31, CStep 13.0

M
a*therefore:

CV M 1.07 (0.58) - 0.62

AsV 1.20
PV - b-- " 0.00 42726

c

so that

Vuv , CV PV fds ' 0.62 (0.00476)(90,000) - 266 psi

b. Horizontal Direction (aZong 11)
dd 21

For c --- 0.163

From figure 6-25, CH 0.81

A
Asl 0.86 0.00341

PH " b-d 12(201)

so that

VH - Cl PH fds - 0.81 (0.00341)(90,000) - 248 psi

Step 11. Shear capacity of concrete.

a. Vertical Direction

V 1. 9V ri 1+ 2, 500 pV

0.85 [1.9v'4000 +2,500 (0.00476)] - 112 psi

b. Hor:aontal Direction

vC 0 (l.9%./fT+ 2,500 p11

- 0.85 [1.9 V4,000/+ 2,500 (0.00341)] . 110 psi

Step 12. Use lacing method No. 3 (see fiL!ure 9-4).
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Step 13. Lacing bar sizes.

a. VertioaZ Lacing Bars

bt- 10 in at - 2 2 in
"--0 Assume no.6 bars, D = 0.75 in

(VERT) d/ - 21 + 1.13 + 2.00 + 0.75
el *-8,I 24.88 in

(HORIZ.
266 psi Min Mm. Rt" -3Do

Figure 6A-9

For 22
t 2= 0.884

2 Rt + D 7 D 7 50.75) 0.211

248 psi From figure 6-19, o - 51.50

A (vv - V) bt st
v "* (sin a +tcos a)8

(266 - 112)(10) (22) in2
2 psi 0.85 (75.000)(u.782 + 0.622) w 0.378

Min Av - 0.0015 bt sa - 0.0013 (10)(22) - 0.330 in 2

use no. 6 bars (A - 0.44 in 2)

10 psi

S"oil
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b. HorizontaZ Lacing Step 14,

090k0( VERT)

X X _X d, 11 in s,=20 in

• s 80lllH0RL)

Step 15

Figure 6A-10

Assume no. 6 bars, D - 0.75 in

d = 21.0 + 1.13 + 0.75 - 22.88 in

Min. Rt - 3 Do

sl 20

For 2 0 0.874
d . 22.8

2R +D 7D
2 o 7 (0.75) l 0.229
d• tdI 2Z.88

From figure 6-19, a - 52.50

(VuH - Vc) b• s I

AV 0 f a (sin a+ cos a

- 248 - 110) (11) (20o 0339i
0.85 (75,000)(0.795 + 0.609)

Min.AA - 0.0015 bz sI - 0.0015 (11)(20) - 0.330 in'

'"ise no. 6 bars (A - 0.44 in 2 )

1<vifi /



Step 14. Actual dc dependo upon vertical lacing. I
Cover - 2 x 0.75 - 1.50
Lacing - 2 x 0.75 - 1.50
Horizontal - 2 x 1.00 - 2.00
Vertical - 1.13 - 1.13

6.13 in

T - d + 6.13 - 21 + 6.13 - 27.13 in .'.Use 27 in

Actual d - 27 - 6.13 - 20.87 in
c

Step 15. Check capacity.

a. ActuaZ impuZse capacity.
PV~6.70 x104

For P- 1.40 -- 1.41, Cu

u 144
For d - 20.87 in PH = 20.86 0.00343

c 12-(20.87)

2 PH dc3 fdo Cu
i3 

4 40.00343(20.87) (9 x 10 )(6.7 x 10,)
144 (120)

ic - 3310 psi-ms > ib - 3200 psi-ms 3
b. ActuaZ maximum defZection.

P_•V 6.5 x10 4

For PKH 1.40, C . x 10"4 (fig. 6-11)

C 6.7 x 10u 144-

From table 5-9 for x > 11.

X1 H tan 120 - 120 (0.2125) - 25.5 in

X LXu - tan 120 - 168 (0.2125) - 35.7 in

From step 5

ib - C1)_I
PH dc fdo

(3200)2 (120) 1 [6,5+ 6 x - 25.5 ]
0.00343(20.87) 3(90 x 103) -,-a [65+(.-,) 35.7 - 25.5

From which Xm - 15.82 in < X1

6

Lxi



A Note:
Since the deflection X is less than Xl, the above solution

(X - 15.82) is incorrect because the equation used is for them
deflection range X, < X < X Therefore, an equation for

L the deflection range 0 < X m_ X1 must be used to obtain the
correct solution

From table 6-4 for Type III cross sections and valid for de-
flection range 0 < X '< X .

b2

b C c m~
Pd f X1H d ds

X b II 3200)2 (120) (25.5)
m PH dC3 fds C (0.00343)(20.87)3 (g0xlO•6"5 x 104

X - 24.7 inm

Note.:

The element is slightly over-designed. To obtain a more econ-
omical design, the amount of flexural reinforcement may be re-
duced.

Step 16. The response time of the element is obtained from

tb
t - (eq. 6-25)

in r

5 M + M%)
where ru 5 + (table 5-6)

x

A f d 3BsH ds c 0.86 (90 x 103) (20.87)MBIN " MHP b 12

- 134,600 in-lbs/in

S. .. ... .. .. . . .. - -. ,- . .i ,/J
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therefore,

above solution r = 5 (2)(134600) 80.9 psi

used is for the u (129)2

equation for so that
o obtain the

L - ib - 3.200 39.6 ms
;m r 80.9 396m

valid for de- 
u

t m 39.6 7.92t

0 t

The correct procedure has been used since •-- > 3t' 0

Step 17. Ultimate support shear.

(25.5) a. Vertical Direction (aZong L).

OxO0)(- 3 x104 ) From figure 6-21, for x/L - 0.385

CV - 4.40

in a more econ- V9V C" V Hd c d

:ment may be re-2
4.40 (1.20(20.87)2 (90,000) - 6,885 lbs/in12 -(-2D0. 87M12 0)

om

b. Ilorisxontal Direction (along II).

From table 6-7,

C5 ' 6 x-' -" 635 - 15.6

ll CsH PI d ic fdo

20.*87)

. 15.6 (0.00343)(20.87)2 (90,000) . 6,250 lbs/in
336

A '4
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Step 18. Diagonal bar sizes. Ste

Note:

Place bars on a 450 angle- Ste
I~.'%sin a - 0.707

a. Vertical Direction (at floor alab).

A 6,885 (0) -1.30 in2Ad "f asin a "75,000 (0.707)

Ad2St

Req'd area of bar - A d 0.65 in2

Use No. 8 @ 10

b. Horizontal Direction (at wall interseotions).

VH b-2
A fsH s, 250 (111- 1.30 in2Ad f a sin a 75,000 (0.707)

Ad 2
Req'd area of bar - 2T - 0.65 in

Use No. 8 @ 11

PROBLEM 6A-4. ELEMENTS DESIGNED FOR IIEPULSE-
COMPOSITE CONSTRUCTION

Problem: Design a composite (concrete-sand-concrete) wall to resist a
given blast output for incipient failure.

Procedure:

Step 1. Establish design parameters:

a. Structure configuration.

b. Charge weight.

o. Blast impulse load (ch. 4). St4

d. Thicknesses of concrete and sand portions of wall.

e. Blast impulse resisted by concrete panels.

454



Step 2. Determine scaled thicknesses of concrete and sand using:

Step - Tc/W1/3 and • - Ta /WI/a

Step 3. Dertamine scaled blast Impulse resisted by each concrete panel
using:

Step

Ibd i Ibd/W'/$ (donor panel)

Iba iba/ WI/5 (receiver panel)

Step 4. Correct scaled blast impulse resisted by concrete (step 3) to
account for the increased mass produced by the sand and the

Step reduction of the concrete mass produced by spalling and scab-

bing of the concrete panels using:

?rb (corr.) s)

w 
T a

Note: i 
- a

The value of w- 100 pcf is predetermined by incipient fail-

ure criteria while w. - 85 pcf is used when limited deflec-

tions of the receiver panel are required.
:sist a Step 5. Determine scaled blast impulse attenuated by receiver panel and

Step the sand Ia from figure 6-38 or 6-39. Figures 6-38 and 6-39
are used for wa equal to 85 and 100 pcf, respectively.

Step 6. Calculate total impulse resisted by the wall using:

Step
tbt " a + Ibd

Step 7. Compare blast impulse which is resisted by wall to that of the
applied blast loads.

Step

I



It

EXAMPLE 6A-4.* ELEMENTS DEINDFOR IMPULSE- S1

Required.' Design the composite wall shown below for incir'ant failure
conditions.

ELEVATION SECTION St

Figure 6A-11
S t,

Stepl1. Given:

a. W -1,000 lbs.

b. i b -4,800 psi-ms (ch. 4). St(

C. i bd I ~ba "1,500 psi-ms (ch. 6).

d. T~ l1ft, Ts i2 ft, and d -0.833 ft.

e. w 150 pcf andw. to100 pcf.

Step 2. Scaled thicknesses of conctete and sand.

7 = T /WV3m 1/(1000)'/s - 0.1 ft/lb''3
C C

YT - T a/WII#- 2/(1000)1/3 - 0.2 ft/lb"A

Step 3. Scaled blast impulse resisted by Individual concrete panels..

- - LI be - = 150 psi-ms/lb'18

(1000)1/5

@1VII-
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Step 4. Correction of scaled impulse resisted by concrete panel used
in composite walls.

Snt failure d w

ib(corr.) -
2

100 (2)1"

- 150 0. 833

,U- 202 pai-ms/lb°/s= i (corr.)

ba.

T.

N Step 5. Scaled blast impulse attenuated by receiver panel and sand.

Step 5
1 a 280 psi-ma/lbV' (fig. 6-39)p a

Step 6. Total scaled blast impulse resisted by wall.

Step 6
b -t + i-bd - 280 + 202 - 482 psi-ms/lb''

Step 7. Comparison of wall capacity and applied blast load.

Step 7

ibt - 482 1 b . 480 psi-ma/lb"'s

e panels.

S_ I



CHAPTER 7

STRUCTURAL ANALYSIS AND DESIGN FOR BRITTLE MODE RESPONSE

Section I. INTRODUCTION

7-1. Types of Fragmentation systems where personnel, valuable equipment, and/or
The response of a structural element in the brittle extremely sensitive explosives. equire prutection. Where
mode consists of that structural behavior which is the receiver system consists of relatively insensitive
associated with either partial or total failure of the explosives so that fragment impact will not result in
element and is characterized by two types of concrete propagation of explosion or mass detonation, then post-
fragmentation: (1) spalling (either direct spalling or failure fragmentation can be considered in the design.
scabbing) which is th, dynamic disengagement of the For this latter case, even though the velocity of the
surface of the element, and (2) post-failure fragmen- spalls can be greater than the velocity of the post-
tation which is associated with structural collapse. failure fragments, the effects of spalling can be neglected

because of the smaller masses involved. Post-failure
7-2. Design Conslderations fragmentation cannot be permitted when personnel are
Spalling is usually of concern only for those receiver being protected.

Section II. SPALLING OF CONCRETE

7-3. Direct Spoiling to the nonuniformity of the shock wave (close-in effects)
and the further distortions of the wave during its

a. Direct spalling of a concrete element (fig. 7-I) is propagation through the clement (nonhomogeneous
the result of a tension failure in the concrete normal material, nonelastic effects, etc.). Localized failures
to its free surface and is caused by the shock pressures occur under the action of both flexural and shear
of an impinging blast wave being transmitted through stresses resulting in the rupture of the mortar binding
the element. the stone aggregate together. The failure zone propa-

b. When a shock front strikes the donor surface of a gates across the concrete surface forming a large number
concrete element, compression stresses are tranismitted of comparatively small concrete fragments. The thick-
from the air to the element. This stress disturbance ness of concrete between the rear (receiver) surface of
propagates through the element in the form of a com- the element and the centroid of the rear face reinforce-
pression wave, and upon reaching the rear (receiver) ment is the usual depth of concrete dynamically dis-
free surface, is reflected as a tension wave identical in engaged from the element. Although the concrete be-
shape and magnitude to the compression wave. During tween the layers of reinforcement may be cracked to
the return passage, if the tension stresses in the reflected some extent, it is confined by the flexural and lacing
wave exceed the stresses in the compression wave plus reinforcement, thus preventing its disengagement.
the tensile capacity of the concrete, the material will d. The size of the surface area which spalls depends
fracture with that pat t of the element between the rear upon the magnitude and duration of the applied blast
free surface and the plane of failure being displaced loads striking and subsequently being transmitted
from the remainder of the element. A portion of the through the element, in addition to the size and shape
stress wave is trapped in the failed section and con- of the element itself. For long cantilever-type barri-
tributes to its velocity. The part of the stress wave cades, only a portion of the walh will usually spall
which remains within the main section continues to since the magnitudes of the applied blast pressures
propagate with additional reflections and concrete frac- decrease rapidly along its length, while for cubicle-type
tures until its magnitude is reduced to that level below structures, the entire wall surface will usually spall
which spalling does not occur. because of the amplification of the blast pressures due 81

c. Direct spalling generally results in the formation to their multiple reflections within the structures. 9
of small concrete fragments, the size being attributed e. A wide range of velocities exists for spalled frag- p
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blast pressures ments. The initial velocity at which spalled fragments accelerates the spalled fragments. The fragment ye-

ments or cubicle-type leave a structural element has been found to be low loeities produced by these acceleration offects may be
leave I usually spall (50 feet per second or less). However, concrete elements as high as several hundred feet per second. For ana-
(50 f pressures due subjected to the close-in effects of a detonation are ly*.ical purposes, an upper limit for the velocities of
subj tructures. generally accelerating before or soon after spalling takes direct spalled fragments from elements sensitive to
gener r spalled frag- place. This accelerated motion of the element in turn impulse may be taken as the initial velocity of the
place.
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" element which is also assumed to be the maximum 7-4. Scabbing concrete

velocity. However, for elements which respond to the tensile fai

pressure only o,, pressure-time relationship, an evalu- Scabbing of reinforced concrete elements (fig. 7-2) is fragment

ation of the resistance-time and premsure-time curies the end result of a tension failure in the concrete normal indicated

must be performed to obtain the maximum fragment to its free surface and is associated with large deflec- are limits

velocity. The procedures and equations that are neces- tions. In the later stages of the ductile response mode support i

sary to determine the above velocities are contained of a reinforced concrete element, extremely large de- maintain

in paragraph 7-8. flectionm are developed producing large strains in the sistance-n

7-2/



flexural reinforcement and, consequently, severe crack- proportionally to the, decrease in deflection, and this
iral rrein ing and/or crushing of the concrete perpendicular to capacity (resistance and/or mass) increase results in

and/or the free surfaces. Because the tension and compression an increased construction cost.
free surf strains are highest at the surface and since the lacing c. Admixtures.

s e I reinforcement in the later stages of deflection confines (1) The use of either chopped steel wire or nylon
rorcemen the concrete between the layers of flexural reinforce- fibers at least 3 inches in length reduces both direct

concrete ment, damage to the concrete is more severe exterior sparling and scabbing. Additionally, if their use is

t, damn of the reinforcement than between the layers. The combined with a separation distance between the con-

he reinf applied loads having long since passed, the element is crete element and the donor charge equal to or greater

ied load. in a stage of deceleration at these large deflections. than a scaled distance of 1.5, then direct spGlling and

stage Therefore, the velocities of scabbed fragments, which scabbing are eliminated.
refore, t are equal to the velocity of the element at 0e50 (start (2) The admixtures resist spalling by increasing

equal to of scabbing), are lower than the velocities of accelerated the inherently low tensile capacity of the concrete and

abbing), direct spalled fragments. However, the velocities of reduce scabbing by increasing the strains at which
-t spailh scabbed fragments also may be in the order of several concrete crushi•g occurs, thereby maintaining the com-

bed frag hundred feet per second. Refer to paragraph 7-8 to pression restraint over a larger deflection range. The

[ fee determine the velocity of the element at a support use of these materials in concrete construction is rela-

rmine ti rotation of 5 degrees. tively expensive, but new concrete mixing procedures
ion of 5 7-. inmiatonofEfecsand manufacturing methods of wire and nylon are

7-5. MninmizatIon of Effets of Spoiling being developed which will hopefully allow their eco-
Mini a. General. Although the factors which effect the nomical use in the future.

General. spalling of concrete elements are qualitatively known, d. Composite Construction.

ing of c analytical procedures for predicting the onset of spalling (1) Direct spalling and scabbing can be elimi-
ytical pr and the mass-velocity characteristics of the resulting nated through the use of composite elements composed

the ma fragments are not presently available. There are certain of two concrete panels (donor and receiver) separated
nents ar procedures, however, which permit minimization of the by a sand filled cavity. Spalling of the donor panel is

odures, effects of spalling in facility design. not generally of concern since resulting fragments enter

ts of sp b. Design Parameters. and are trapped in the sand fill. On the other hand,

Design (1) The occurrence of direct spalling can be elimi- spalling of the receiver panel will endanger the receiver

(1) The nated by an adjustment of the charge location, i.e., system. By maintaining certain design parameters, both a
i by an if an explosive charge is placed at a sufficient distance direct spalling and scabbing of the receiver panel can

explosi away from the surface of an element, the magnitude be prevented.

from t of the blast pressures striking the elemetit will be less (2) To prevent the occurrence of direct spalling,
.e blast than those which will cause tension failure of the con- the high peak blast pressures applied to the donor

those w crete. Scaled tests have indicated that for charge panel of a composite element must be attenuated by

Scale weights as large as 270 pounds of high explosive, direct the sand fill. This attenuating capability of the sand

its as a spalling will not occur at scaled distances greater than is attained by providing: (1) a thickness of the sand
ing will approximately four. Future tests are contemplated to fill at least equal to twice the thickness of the donor

nximatel determine whether spalling will occur with larger charge panel where the panel thickness is predicated upon the
,mine wh weights. required strength to resist the applied loads, (2) for

its. (2) Large adjustments of the donor charge lo- one-way elements a ratio of the cavity thickness to

(2) Lar cation in a design for the sole purpose of preventing span length not less than 0.25 for cantilevers and 0.05

n in a direct spalling is usually not economically feasible. for elements fixed on two opposite sides shall be used,

spallin (3) Although sufficient separation distance be- and for two-way elements each direction (span) shall
3) A.lt tween a detonation and an element prevents direct be considered separately as shown above and the larger

i a det spalling, its effect in reducing scabbing is negligible. cavity thickness used, and (3) the sand density shall

ng, is A reduction of scabbing is accomplished by limiting not be greater than 85 pounds per cubic foot. Since
luction the magnitude of the maximum deflection of the ele- scabbing is eliminated by limiting the element's de-

rIagnitu mert. By reducing this deflection, the strains in the flection, scabbing of composite elements is prevented

By r concrete and reinforcement are lowered to a level where by limiting the deflection of the receiver panel to the
ete and tensile failure of the concrete and subsequent scabbed support rotation previously cited.

e failur 7-2) is fragment formation is prevented. Scaled tests have (3) Figure 7-3 illustrates the use of composite
tent fo normal indicated that scabbing does not occur when deflections construction to prevent spalling. The magnitude of

ted tha deflec- are limited to values less than those corresponding to the donor panel deflection was such that the panel was

miteii mode support rotations of no larger than 5 degrees. To near incipient failure, the panel experiencing the effects

)rt rota de- maintain the same response of the element, the re- of both direct spalling and scabbing. On the other hand,
ýain th in the sistance-mass product of the element must be inerr,ýed the deflection of the receiver panel has been limited

e-mamss
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and therefore had only minor cracking. Direct spalled of the applied blast leads warrant the use of composite or oth(

or scabbed fragments were not formed on the exterior construction, then the elimination of spalling can be or pla
h surface of the receiver panel. achieved at a slight increase in oust by conforming to (fig. 7-

(4) The use of composite barriers for the sole the previously stated element configurations and re- does n
purpose of eliminating spalling is not usually economi- sponse. ments
cally feasible (chap. 10). However, if the magnitude strikin:

2 1X
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e. Fragmen* •hields. (2) If the permissible maximum deflection of a
(1) Fragment shields are composed of steel plates barrier is relatively small, then s~teel plates, blast mats,

s of composite ot other structural material which can be attached to, or other similar material attached rigidly to the barrier
spalling can be or placed a short (listance from, a protective barrier may be used to confine the concrete fragments, thus
Sconforming to (fig. 7-4). Unlike the other methods, the use of shields preventing their ejection from tile barrier (a, fig. 7-4).
rations anid re- does not reduce or deter the formation of spalled frag- It is recomnmended that for rigidly attached shields the

meets but rather confines and prevents them from deflection be limited to a value corresponding to an
striking the receiver system. approximate 5-degree support rotation to prevent fail-

K 4,4
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Figure 7-6. Rigid altachme•n of fragment shield to barrier. pression reinf(

ure of the shield and its connections as a result of and/or ruof are shown in b, figure 7-4. The shield may
excessive straining. The shield and its connections must consist of structural steel, reinforced concrete, wood,
be designed to resist the overall motion of the barrier. etc., and must be designed to resist the impact and
Figure 7-5 illustrates the connection of the shield to penetration of the spalled fragments as well as the
the barrier, the shield being anchored by a channel overall motion of the main protective structure and
beam and anchor bolt arrangement. The bolts must be any leakage pressures which may occur. To design a
hooked around the flexural reinforcement closest to the separated shield, the mass and velocity of the spalied
shield, to prevent disengagement of the bolts from fragments must be determined. As an approximation,
either the spalling of the concrete cover or the direct an average velocity for all the fragments can be utilized
shock transmission through the bolts from the donor in conjunction with a concrete mass conforming to the
side of the structure. depth of the cover over the reinforcement. A parabolic

(3) If the barrier is permitted to attain large variation of the velocities of the spalled fragments over
deflections (greater than the maximum deflection per- the element can be assumed. The cost of separated
mitted for personnel protection), then the shields should shields may be somewhat more expensive than shields
be separated from the barrier. This distance should be attached directly to the barrier, However, the cost
sufficient to eliminate the possibility of impact between reduction achieved by permitting the larger barrier
the deflecting barrier and shield. Fragment shields sepa- deflections may offset the increased cost of the sepa-
rated from the main protective elements and affording rated shield.
protection against spalled fragments from the walls

7-4/
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Secton Ill. POST-FAILURE CONCRETE FRAGMENTS

7-6. Geneal and thereby prevents total disengagement of the see- 4
letter. tions between the hinges (fig. 7-7). In cubicle type

a. When a reinforced concrete element is substanti- structures where continuous laced and flexural rein-

an a re ally overloaded by the blast output, the element fails forcement is used throughout, failure is sometimes initi-

loaded and concrete fragments (post-failure) are formed and ated at the positive yield lines where the flexural and

rete fr displaced at high velocities. The type of failure as well lacing reinforcement fail, while at the supports only,

at hig as the size and number of the fragments depends upon the tension reinforcement fails. The intact sections

ie and whether the element has laced or unlaced reinforcement, between the failure points rotate with the compression

1he ee b. Failure of an unlaced element (fig. 7-6) is char- reinforcement at the supports, acting as the mechanical

ure of acterized by the disporsal of concrete fragments formed hinges of an analogous swinging door (fig. 7-8). The
by the cracking and displacement of the concrete be- compression reinforcement at the supports, serving as
tween the donor and receiver layers of the reinforce- hinges, produces rotational rather than translational

racking ment. As an element deflects and the concrete begins motion of the failed sections, and energy which would
.e dono

an el to crush, the compression stresses normally resisted by ordinarily result in translational velocities is trans-

the co the concrete are transferred to the reinforcement. With ferred to sections of the structure adjacent to the failed

ete are increased deflections, these compression forces tend to element. In other situations, where there is a larger

,defec buckle the reinforcement outward thereby initiating the overloading of the element, the failed aections of the

Le reinf rapid disintegration of the element. laced element are completely disengaged and displaced

integra c. Laced concrete elements exhibit a different type from the structure. The translational velocities of these

fd con failure from unlaced elements, the failure being sections ar usually less than the maximum velocity
characterized by reinforcement failures occurring at of the element at incipient failure.

ized b points of maximum flexural stress (plastic hinges) with 7..
maxin the sections of the element between the points of failure 7-7. Fragment Velocitte

)fl5 of t remaining essentially intact. When fracture due to a. The velocity of individual fragments of unlaced
excessive straining of the tension reinforcement occurs elements varies and depends upon: (1) the magnitude

ostra at the positive yield lines, some small concrete frag- of the excess impulse defined as the blast impulse minus
ments will be formed at the receiver side of the barrier, the flexural impulse capacity of the element (area underIi Quite often if the overload is not too severe, the coin- the resistance-time curve (a, fig. 7-9)), (2) the mass ..

en if t pression reinforcement at the hinge points does not fail of the fragment, (3) the location of the fragment prior
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to collapse, and (4) the interaction between the frag- the wall after collapse is numerically equal to the excess unlaced ele
ments during their flight. Although the velc~.a'ies of impulse: velocities c
individual fragments differ, the average translational parison ind

j velocity v, (avg) of the debris after complete failure -Mi'/ (avg) Equation 7-1 locity v/ (a,
can be approximated from the excess impulse i. and bi. The maximum fragment velocities obtained from to the mai
the un~it maws m of the barrer, i.e., the momentum of caibicle teats in which concrete rubble was formed from obtained fi'

"M vwk
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d lm I to the excess unlaced elements have been compared to the average 0.485 for side and back walls, respectively. This vari-
~l eernvelocities calculated by the above method. This corn- ation of the ratios for the two walls is probably due to

AeS CalC parisn indicated that the ratio of the calculated ve- the more uniform blast loads acting on the back wad in
ai indie Equation 7- locity v1 (avg), using the impulse loads from chapter 4, comparison to those on the side walls which were more
v1 (Avg btained fro to the maximum fragm'ent velocity vI of the rubble affected by the open surfaces of the structures. These

Id maoi formed from obtained from the test results was equal to 0.206 and cubicles, which afforded neglgble structural resistance
.ed f ro

POW' -
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a: bINCIPIENT INCIPIEN two-why
uru w-a

u F[AILURE the appliwc n 
(Icr W Wimpulse

a.0 W ___________ at __________ (a, fig.?7
to tg tI, Xu are the

TIME (chap. 6
loaded isa) IDEALIZED PRESSURE -TIME AND C) IDEALIZED RESISTANCE -DEFLECTION CURVEbasIo

RESISTANCE - T IME CURVES batla
comparim
and, thei

that the
V0  i - unit blast impulse velocity

ru - ultimate unit resistance b. Whe
A-ICPETr - post-ultimate unit resistance (equal to

N-IIEt duration of positive phase of blast. pressure velocityt
J v. ~~tj - time at which partial failure occurs Hwvr
Uj :u time at which ultimate deflection occurs Hwvr

> ________________w__ post-failure fragment velocity just prior
tot -v velocity of element at incipient failure which dep

JTIME -O initial velocity of element (2) themi
-, partial failure deflection mass of th

b) IDEALIZED VELOCITY - TIME CURVE Xu ultimate deflection

response

94 post-failur

IFigusre 7-9. Ideaolized curvea for determination of poe*-failure fra gmen.: veieciiea. semnigraphi
',1 similar to

to the blast loads, were three-wall structures with the on the ratios of the maximaum to average velocities of chapter 6.

roof and one wall open and/or frangible. The length to the fragments. The ratios of the velocities of fragments d. If the
height ratio of the back wall of these cubicles varied from cubicles of different size would probably vary time curve
from 1.0 to 1.5, while similar dimensions of the side from those listed above. and negat
walls were approximately the same as those of the back e. As previously mentioned, when laced walls are system bef

twalls. The sise of the cubicles probably had an effect overloaded, failure occurs at the hinge lines, and the mation of

7-6



l br wall breaks into a small number of large sections. The propriate effective mass for each range is equal to the

iag d magnitude of the velocity of each sector immediately instantaneous velocity at that time. The velocity v, at
before failure varies from a maximum at the point of the incipient failure deflection X• (time, 9.) may be

kf axil maximum deflection to zero at the supports, while expressed as:
riaximum immediately after failure (total disengagement), the
riedat translational velocity is approximately equal to the m.- - "6- Equatlon 7-2
an i average velocity of the sector before failure (the average r m, rn4

omentuny momentum of the element before failure is equal to the where the values of 4, r,., r,, 9L, and t4 are defined in
mentun average momentum after failure). figure 7-9 and m. and in., are the effective masses of

rerage m d. The variation of the fragment velocity across a the single-degree-of-freedorn system in the various flex-
d. The p section produces tumbling. This tumbling action may ural ranges (ultimate and post-ultimate) of the two-
rtion pa result in an acceptor charge which is located close to way element.
u barrie the barrier being struck by that portion of a failed e. The expression for the deflection at any time may

e bar sector traveling at the highest velocity, be found by multiplying each differential area (be-
.tor tray e. The velocity of fragments striking an acceptor tween the time 4, and the time in question), divided by

e. The t charge located some distance from the barrier may be the appropriate effective mas, by the time which is
proximg c approximated using equation 7-1. In most cases the defined by the distance between the centroid of the
prexiv a sy•receiver system will be situated close to the protective area and the time in question, and adding these values
riverr sy barrier, and the design of the structure must consider algebraically. Using this procedure the expresion for

rrier, an the maximum fragment velocity. This velocity can be the deflection at partial failure (initial failure of a tfo-
! maxinm related to the impulse capacity of the element before
ated to failure (flexural capacity) and the momentum of the way element) at time L1 is:
lure (fte fragments after failure. 49, r- 1 E i
gments7-8. Pst-Fragment Impulse Capacity m. 2io

a. P-a
i The i a. The idealized curves of figure 7-9 illustrate the while the equation for the deflection at incipient failure
)w e INT two-way element which responds to the impulse when at time t. is given by:

-applie URE the applied blast impulse load is larger than its flexural

3ulse cap impulse capacity (area under the resistance-time curve X, -- Equation 7-4 5fuig. 79 (a. fig. 7-9)). The assumptions made in these curves MV MWr L 2J 2v&,p
fig. 7 are the same as those for impulse-sensitive systems
the sat (chap, 6) namely: (1) the element prior to being f. By solving equations 7-2 through 7-4 simul-
eap. 6) Ry loaded is at rest, and (2) the duration of the applied taneously, the expresion for the blast overload impulse
edblast load and the time to reach yield are small capacity of a two-way element, including both the

At load comparison to the time to reach the ultimate deflection flexural capacity and the post-failure fragment mo-
iparison and, therefore, have been taken as equal to sero so mentum portion of the element's response, is given by:

theref that the element will respond and reach its maximum
Sthe ele velocity (at 4-0 and v.-4i/m,.) instantaneously. l- rw•i+--J r,,(X,,-X) + - Equation 7-5

Weity (at b. When the element is designed to remain intact L 92

When (equal to or less than incipient failure conditions), its while the blast overload impulse capacity of a one-way
cist to o ressure velocity at time it (deflection X.) is equal to zero. element, or of a two-way element which does not ex-

vever, if urs However, if the element is overloaded, then the velocity hibit a poet-ultimate range is:
just prior to failure is a finite value, the magnitude of

h deprior t ure which depends upon: (1) the magnitude of the overload, ' V r ,Equatin 7-6temg(2) the magnitude of the flexural capacity, and (3) the 2m
the mag mass of the element.

of the a c. The analytical relationship which describes the Similarly, by solving equations 7-2 and 7-3 simul-
The an response of a laced element, both in its flexural and taneously, the exprfe ion for the time at which the
-ine of post-failure ranges of action, is obtained through a ultimate deflection X, occus (response time) for a
-failure semigraphical solution of Newton's equation of motion two-way element is given by
graphica similar to that described for incipient failure design in _

Ifther ments d. If the areas under the pressure-time and resistance- rV (mire' r.) ru)

cuthes ly vary time curves (a, fig. 7-9) are considered to be positive Equation 7-...
curves and negative, respectively, and the velocity of the
negativ alls are system before the onset of the load is sero, the sum- while the time to reach the ultimate deflection X. for
m befo and the mation of the areas at any time divided by the ap- a one-way element, or for a two-way element which
m of t

,• zn n wm~~l•a ~ nmumum nu• •,0 • m~mummmvmm~P m •mnnunm~ mnn _•
puI
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Figre 7-10. Post-failure fragmen cwfficien* C, for an element fized on two adjacen aides and Iwo saie free.

does not exhibit a post-ultimate range is: the same if X. is substituted for X.,. The additional
term in the above equations is the kinetic energy of the pA

Equation 7-8 fragments after failure. Because of this similarity, cqua-
r. (Tr,!tions 7-5 and 7-6 may be expressed in a form which d

g. In the above equations, the maximum velocity of will be a function of the impulse coefficients of chapter

the fragment v, after failure is assumed to be equal to 6,ps-alrfrgetoefiins h emtyo

the maximum velocity of the wall vi immediately before thelmnadteapidbasloducta:
failure (incipient failure).

h. If equations 7-5 and 7-6 are compared with equa- W C ~d C 1,1Ne~ -

U tions 6-11 and 6-12 of chapter 6, it may be seen that C
except for the right-hand term in each of the above
equations, the corresponding analytical expressions are where~ - applied unit blast impulse C

. .- .... . .
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1L4.0 RATIO OF VERTICAL TO HORIZONTAL REINFORCEMENT I\,/PH

s fee.Figure 7-11. Poet-failure fragment coefficient C, for an elemet fixed on three aideB and one uidte free.

The additional
ntic energy of the PH reinforcement ratio in the horizontal di- V-quation 7-9 is applicable to both one-way and two-way

si similarity, ellua- rection elements which are uniformly loaded. The value of the

in a form which d, distance between the centroids of the corn- coefficient C, ic the same for all one-way elements

d, cins f hptrpression and tension reinforcement (C, - 22,500) whereas the coefficients for two-way ele-
the geometry of ff. =dynamic design stress for the reinforcement ments are given in figures 7-10, 7-11, and 7-12 for

ff. - ad such that: H -span height elements supported on two adjacent edgco, three edges,
H t, maximum velocity of the post-failure frag- sand four edges, respectively.

VfEquation 7-9 ments j. The optimum arrangement of the flexural rein-

C. C,. -impulse coefficient for ultimate deflection turcement in two-way elements designed for post-failure
X. (chap. 6) fragments will not necessarily be the same as that for

efC, - post-faiure fragment cci~fficient similar elements which are designed for incipient failure

Po
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RATIO OF VERTICAL TO HORIZONTAL REINFORCEMENT Pv/PH

Figure 7-15. Poat.failure fragment coefficient C, for ant element fixed on four sides.

damage or less. The optimum ratio of the vertical to give the maximum impulse absorbed for the least total
horizontal reinforcement will be a function of the amounit of reinforcement. Unlike the design for in-
amount of the blast impulse absorbed through the cipient failure damage or less, the optimum ratio will
flexural action of the element in comparison to that vary with a variation in the depth of the element.
which contributes to the momentum of the post-failure As explained further in chapter 10, the optimum depth
fragmenva. In .i given situation, the designer must ob- of an element is a function of the individual cost of the
tain by a trial and error procedure the optimum ratio concrete and reinforcement.
of vertical to horisontal reinforcing steel which will

.7-8
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APPENDIX 7A. STRUCTURAL DESIGN TN THE BRITTLE MODE
ILLUSTRATIVE FXAMPLES

PROBLEM 7A-i. BRITTLE MODE - POST-FAILURE FRAGMENTS

Problem: Deuign an element, which responds to the blast impulse,for

rontrolled post-failure fragments.

Procedure:

Step 1. Establish design parameters:

a. Impulse load and duration (ch. 4).

b Maximum average velocity of post-failure fragments vf
as required by receiver sensitivity (ch. 3).

o. Geometry of element.

d. Support conditions.

e. Materials to be used and corresponding static design
strengths (table 5-4).

g f. Dynamic increase factors (table 5-3).

Step 2. Determine design stresses for the flexural reinforcement.

f +f
f y-2-- and fde - (DIV) ffs 2fs

Step 3. Substitute known quantities ib' fds' H, vf into equation 7-9.

Step 4. Obtain optimum ratio of vertical to horizontal reinforcement

pv/pH for a given wall thickness Tc (graphical solution):

a. Assume value of d and substitute into equation obtained
in step 3. c

b. Complete table shown below by assuming various values of

pv/PH. For each value of ;v/PH obtain Cf (figs. 7-10

through 7-12) and Cu (figs. 6-10 through 6-15) given

support conditions and calculate pl1 (from equation of

step 4a), pv (from pV/pH ratio) and PT (PV + PH)'

/

ri
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PvlPH Cf Cu PH PV

or

c. Plot curve of pT versus pv/PH and read optimum Pv/PH
ratio (lowest pT).

Note:

f For one-way elements, the ratio of the main to secondary rein-
forcement is always 4 to 1 unless minimum conditions govern
(table 5-1). Obtain C (table 6-2) for support condition

u
considered and Cf (22,500 - ch. 7).

St
Step 5. For optimum pV /PH ratio determine C and Cf and calculateu Cf

PH and py. Select bar sizes and spacings necessary to furnish

required reinforcement (see ch. 9 for limitations).

St
Step 6. Determine required lacing and diagonal bars. (Procedure is

exactly the same as that for elements designed for incipient
failure or less - ductile mode - see Appendix 6A).

Step 7. Determine required T for assumed d , selected flexural and
C

n 7-9. lacing bar sizes, and required concrete cover. Adjust Tc to
the rearest whole inch and calculate the actual d0 •

S ent
n): Step 8. Check flexural capacity of element based on either blast im-

pulse or post-failure fragment velocity. Generally, lacing
bar sizes do not have to be checked since they are not usually

lined affected by a small change in dc

of a. Compute actual impulse capacity of the element using
10 equation 7-9 and check with the anticipated blast load.

Repeat design (from step 4 on) if the capacity is less
than that required. 4

of

T ,-V

-.. ._,-...-,--i~l l i l•l' - - -
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b. Compute actual post-failure fragment velocity using equa-
tion 7-9 and check with value permitted by the receiver
sensitivity. Repeat design (from step 4 on) if the actual
velocity is greater than that permitted.

Step 9. Determine whether the correct design procedure has been util-
ized by first computing the response time of the element t u

(time to reach ultimate deflection) from equation 7-7 or 7-8.
Then compare the response time t with the duration of the

u
blast load to . For elements that respond to the impulse
tm/t > 3.

Note:

To obtain the most economical design, repeat steps 4 through 9

for several wall thicknesses and compare their costs. Per-
centages of reinforcement can be used to reduce the amount of
calculations. In determining the required quantities of rein-
forcement, lapping of the bars should be considered.

EXAMPLE 7A-1. BRITTLE MODE - POST-FAILURE FRAGMENTS

Required: Design the back wall of the interior cell (fig. 7A-1) of a

multicubicle structure for controlled post-failure fragments.

30'

L-.

PLAN ELEVATION

Figure 7A-1

1

JpA 7-10/



:1:
Solution:

So Step 1. Given: (
1

a. b 4,800 psi-ms and t 0 4 ma.

b. vf - 100 fps - 1.2 in/ms.

c. L .360 in, H - 120 in

d. Fixed on three edges and one edge free.

e. A432 reinf., f - 60,000 psi and f = 90,000 psi.y u

Concrete, fV - 4,000 psi.
c

f. For reinf., DIF - 1.20 (bending).

Step 2. Design stresses.
f +f

Stf f y U - 60,000 + 90,000 . 75,000 psi
8 2 2 -7,0 s

f do (DIF) f. - 1.20 (75,000) - 90,000 psi

Step 3. 2 d 3 f 8
i 2  u H ' +Cf d (eq. 7-9)

(4800)2 Cu PH dc120(90,000) + Cf d2 (1.2)2

23.04 x 106 750 Cu PH dc+ 144 Cf dc2 (eq. 7A-1)

Step 4. Assume dc a 21 in. and substitute into equation 7A-1.

St 23.04 Y 106 - 750 C u PH (21)3 + 1.44 Cf f21)2

therefore:

23.04 x 106 - 635 Cf (eq. 7A-2)

6.95 x 10 C
U

u6
(g

4- ý
'v4 'a' ýý ýý,- -,-



b.Determine the required percentages of reinforcement for
various values of PvlPH (see table below).

PV 144 Cu x 10- 4  Cf x 10-4 PH Pv PT

PH (1) (2)

psi-ms 2 in 2  lb-ms 4 /in 8  % Z %

1.0 5.34 1.475 0.530 0.530 1.060

1.2 5.88 1.517 0.472 0.566 1.038

1.4 6.42 1.553 0.425 0.595 1.020

1.6 b.93 1.583 0.388 0.621 1.009

1.8 7.45 1.608 0.356 0.642 0.998

1.9 7.73 1.620 0.342 0.650 0.992

2.0 7.93 1.632 0.331 0.662 0.993

2.1 8.13 1.642 0.321 0.674 0.995

S2.2 8.32 1.652 0.312 0.687 0.999

2.4 8.72 1.670 0.295 0.708 1.003

2.6 9.10 1.688 0.280 0.728 1.008

2.8 9.48 1.702 0.267 0.748 1.015

3.0 9.87 1.717 0.255 0.765 1.020

(1) From figure 6-14

(2) From figure 7-11

c. Plot curves of PT versus pv/Pl1 (fig. 7A-2). Read

optimum pV/Pl[ - 1.92 (lowest IPT).

CI

/
tlI- -IlI! i7llll
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Step 5. For optimum P /PH 1.92V

From figure 6-14, C x 141044

From figure 7-11, Cf - 1.623 x 10

6 .04 x 106 - 635 (1.623 x 10~ (144)
PH (6.95 x 106)(7.77 x 104)

- 0.00339

PV F P P 1.92 (0.00339) - 0.00651

A811 - 0.00339 (12)(21) - 0.854 in 2/ft, use #8 @ 11
(As = 0.86)

Asv = 0.00651 (12)(21) - 1.64 in 2/ft, use #11 @ 11
(As = 1.70)

Pv AsV 1.70
Actual -- - -- - 1.977

PH A9H 0.86

Step 6. Using lacing method No. 3,No. 7 vertical lacing bars are're-
quired. (Calculations are not shown since they are similar
to those presented in appendix 6A for incipient failure design.
Also, the remainder of the design for shear will not be shown).

Step 7. The actual d c depends upon the details of the base of the
wall (region of vertical lacing).

Cover - 2 x 0.75 - 1.50

38LIOI (VT) Lacing - 2 x 0.875 - 1.75
(P)� 7(LACING) Horiz. - 2 x 1.00 - 2.00

4 Vert. - 1.41 1.41

Figure TA-3 6.66 in

T c d + 6.66 - 21 + 6.66 - 27.66 in., use 23 in

.. actual d - 28 - 6.66 - 21.34 in

7-12 /
S, ... '-" . ..- • -=•••-
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Stoep 8.

St a. Actual impulse capacity.

For P - 1.977, Cu 7.87 x44

Cf - 1.63 x 104

0.86dc 21.34 in, PH 12(21.34)

2 PH dcdc3  d s 122i c " u I A _J + C f dc2 vf2

12 (7.87 x 104)o0.86)S21.34 2(9 x 104)

c 144 (12 x 21.34) (120)

11 +( 1.63 x 104) (21.34)2 (1.2)'
i -2 24.07 x 10 6

ac 4,910 psi-ms > tb = 4,800 psi-ms

e- b. Actual post-failure fragment velocity.

sign. r.3
2own). 2 H d + fd 2 2

i ue j f

(4800)2 1.87 x 10.4) (0.86)(2,.34)3,(9 x 104)

(144) (12)(21 34) (120)

+ (1.63 x 104) (21.34)2 Vf2

vf a 1.2 in/ms - 100 fps

Step 9. Response time of element tu

St VN M p and MHN - Wp - AsH 'do dc/b

(0.86) (90.000) (21.34) - 137,640 in-lbs/in

12



L [LJ - (L60_) (1"977)' - 4.22

From figure 5-10,

x/L - 0.333

x. - 0.333(360) - 120 in

r - 5(MH + 1p) for x < L/2 (table 5-6)

t2 x22

ru - 5(2)(137,640)/(120) - 95.8 psi

m - 225 d - 225 (21,34) - 4802 psi-ms 2 / inC

* 0.567 (fig. 6-5)

m -, 0.567 (4802) - 2723 psi-ms / in

x - 120 - II .'.All supports fail simultaneously ana
there is no post-ultimate range, that is, r - 0.

up

Therefore, use eq. 7-3, tu - r r v ) f

t 4800 ( 2723 ) 17.7

u 95.8 95.8 (1.14)

t 1 1 7 . 7 ý
7-----•..04= 4.43 >3 .%correct rrocedure has been used.

o

'I
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CHAPTER 8

STRUCTURAL BEHAVIOR TO PRIMARY FRAGMENT IMPACT

Section I. INTRODUCTION

8-1. Fragment Characteristics shape, and material strength) and the element (strength,

Detonation of contained explosives results in the for- thickness, dimensions, etc.).

mation of primary fragments due to the shattering of 8-2. Velocity and Impact Limitations
the casing. These fragments are usually small in size
and initially travel at velocities in the order of thou- This chapter deals with the situation where the frag-
sands of feet per second. Upon contact with a barrier, ment striking velocity may be assumed equal to its
the fragments will either pass through (perforate), be initial velocity, and the angle of obliquity between the
embedded in, or be deflected by the structural element. fragment trajectory path and the surface of the element
The occurrence of any one of the three element be- is 90 degrees (normal impact). The procedures pre-
haviors is dependent on: (1) The magnitude of the sented, however, are applicable to other angles of
initial velocity v. of the fragments, (2) distance be- obliquity and to situations where the variation between
tween the explosion and element, (3) the angle at the initial and striking velocities may not be neglected.
which the fragment strikes the wall (angle of obliquity), Refer to section III, chapter 4, for a discussion off • and (4) the physical properties of the fragment (mass, primary fragment velocities.

Section 11. FRAGMENT IMPACT ON CONCRETE

8-3. General crease in the crater size for a given velocity increment 8-4.
is more rapid than at higher velocities in the order of a.

a. When a primary fragment strikes a concrete bar- several thousand feet per second. At a striking velocity analo,
ner, penetration resisting pressures, in the order of of approximately a thousand feet per second or less, accun
thousands of psi, act on the cross-sectional area of the the fragment does not usually penetrate beyond the the el
fragment. As the striking velocity is increased, the depth of the crater, while for larger velocities, the struct
residting pressures also increase, while for an increase fragment penetrates beyond the front of the crater devek
in crossectional area of the fragment, the resisting and either lodges within or passes through the barrier, into c
pressures decrease. If the fragment can withstand these c. A crater similar to that formed on the front face the p
pressures acting on its frontal surface, then the amount of the barrier is also produced on the back side if the and t0
of penetration will be governed by its mass, shape, and kinetic energy of the fragment upon impact is sufficient
striking velocity. On the other hand, if the fragment to produce excessive tensile stresses in the concrete.
deforms under the applied loads, then the resisting As in the case of the front-face crater, the size of the
pressures of the concrete become effective over an crater on the back face increases with an increase in
increased cross-sectional area, thereby reducing the striking velocity of a particular fragment. The back-
possible penetration for a given available kinetic energy face crater is generally wider and shallower than the 4
of the fragment. Generally, la.$er penetrations may front-face crater, though again the surface of the crater
be expected with leas ductile metals such as fragments is irregular. Quite often, the kinetic energy afforded
from armor-piercing casings. by the striking fragment is only sufficient to dislodge

b. As a fragment impinges on a wall surface, a section the concrete on the exterior side of the rear face rein-
of tho wall adjacent to the point of impact spalls, foroement. In this case, only spalling will occur. An
forming a crater around the impact area (fig. 8-1). the striking velocity is increased beyond the limit to

UJ This crater is conical in shape but irregular. As the cause spalling, the penetration of the fragment into
striking velocity of the fragment increases, the size of the slab increases more and more until perforation is
the crater also increases. At small velocities, the in- attained.

- -7
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Figure 8-1. Perforalion and apaUing of concrete due go primary fragmenes,

P velocity increment i-4. Penetration of Armor-Piercing Fragments mum penetration X1 of an armor-piercing fragment
4 P ities in the order of a. A certain amount of experimental data, which is with a shape as indicated in figure 8-2 was derived in
a. A ce t a striking velocity analogous to primary fragment penetration, has been terms of the fragment weight W, and striking velocity
kalogous per second or less, accumulated in connection with projects to determine v,:
cumula netrate beyond the the effects of bomb and projectile impact on concrebe Xf-0.162(I0-'))Wf*.v.'*1 Equation 6-1

Seffect r er velocities, the structures. This data was analyzed and relationships
mcturees rnt of the !crater developed where the amount of fragment penetration b. Equation 8-1 is based on a concrete compression
veloped hrough the barrier, into concrete elements could be expressed in terms of strength f./ equal to 5,000 psi. Maximum penetrations
;o conc on the front face the physical properties of both the metal fragment of fragments in concrete of other strengths may be
B physi he back side if the and the concrete. The general expression for the maxi- obtained by. multiplying the value of X1 of equation
d the c impact is sufficient 8-1 by the square root of the ratio of 5,000 psi to the

s in the concrete. compressive strength of the concrete in question. Figure
ter, the size of the Id I - DIAMETER OF 8-3 is a plot of the maximum penetration through 5,000

th an increase in 4 CYLINDRICAL psi concrete for various fraFment sizes and striking
ment. The back- PORTION OF velocities.

shallower than the FRAGMENT. c. In addition to the weight and striking velocity of
urface of the crater RADIUS OF a primary fragment, its shape will also affect the pene-
ic energy afforded HEMISPHERICAL tration ability. The sharper the leading edge of a
fficient to dlodge PORTION OF fragment, the greater the distance traveled through
the rear face rein- FRAGMENT. the concrete. The shape indicated in figure 8-2 is not
ing will occur. As r necessarily the most critical. When the container of an
yond the limit to d explosive shatters, it is statistically probable that some
the fragment into 2" 2 of the resulting fragments will have a shape that is
ntil perforation is sharper than the bullet shape assumed in this manual.

Figre, 8-0. 8hape of ",i-arSnfrumew. However, the number of these sharper fragments is

S'8-'
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Axeu eoefasticith fragmient wegt striking veloc~ity, rev system. The mantd of thie veoct may
te lasicand maximum penotration and the dilatational velocity be approximated from the expression which defines

= 5. 16cc a bullet-haped c. of the elastic wave through concrete where: tbe velocity of the fragment at any time as it pene-

a moduWl ticallo 8,5 8g" -2 trates the concrete:

Aer 5 e initial kinetic T.
rragmen large enough to and the modulus of elasticity of concrete B. is as defined 1V/. f Equadin 0-3

elimiting thick- in chapter 5.
occur can be e. Fragments which perforate a concrete element will where T. is the finite thickness of an element, the



oped whi
armor-pie
of other r
in terms,
metal toI

0 _j sented by

IN where Xf
~metal fr94

The numf
mon as~ir

I: 'IRITArmor-pierE
Z Mild steeIL

......... Lead .- --
0 -0 MX ,MT.:Aluminum .-

a. Whe
velocity s

'k!awg corn
f iffil WHI 114 13111111 U 0:1 111of the poi

Siona wa,
4q 4panding

I Coreceiver sa
1010 1 1 t M. 3compressil

ff 1W :1MI magnitudi

NOW wave exco
... wave plus

fil~ JI I MII11111;of the co
T. M: 1111 t AM O N palling ft

M*~x ToeH

72! . .. . . .w Tcomposite
tration oif
sand must

Tx b. For
posite bar:
donor can,
or perfora

T trates onl2
T spalling m

o 0 w Nthickness.
0 0 oceiver pau

SX/S± No X0 a. To d

magnitude of which is equal to, or leow than, the maxi- 8-5. Penetration of Fragments Other Mhan Section of
mum penetration of a fragment into an infinitely thick Armor-Plorisrng Starting Mi
element and v, is the residual velocity of the fragment the primt.
as it leaves the finite element. A Plot Of the ratio vr/V. To estimate the concrete penetration of metal fragments first analyagainst T,/X, or T./X. is given in figure 8-5. other than armor-piercing, a procedure has been devel- of the secl
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oped where the concrete penetrating capabilities of receiver surface. This crater and, therefore, the spalling
where armor-piercing fragments have been related to those do not usually penetrate beyond the reinforcement at

ir-piercii of other metal fragments. This relationship is expressed the receiver surface.
her eti in terms of relative metal hardness (the ability of the b. The occurrence of spalling is a function of the

rma of r metal to resist deformation) and density, and is repre- fragment penetration, i.e., the fragment must penetrate
Ito resi sented by the constant k in equation 8-4: an element of a given thickness a distance such that
d by th X/kX Equation 31-4 sufficiently large stresses are formed at the receiver

surface to produce spalling. If the thickness of the
where X/ is the maximum penetration in concrete of element is increased above that at which spalling occurs

e X/ is metal fragments other than armor-piercing fragments. for a particular fragment with a given penetration,
I fragme The numerical values of c for several of the more coin- then the spalling is eliminated (fig. 8-4). On tho othernumeric mon casing metals are listed below: hand, concrete spalling always occurs with fragment
casing T ofm C,.,M k perforation.

Armor-piercing steel -------------------------- 1.00 c. The secondary fragment velocities associated with
r-piercing Mild steel ---------------------------------- 0.70 spalling resulting from fragment impact are usually

"Lead ----------------------------------------- 0.80 small (less than 5 fpe). However, when blast pressures
Aluminum ----------------------------------. 0.25 are also involved, the magnitude of the resulting veloc-um ---- $palig uetoFramities can be quite large. The secondary concrete frag-
So-6. Spilling Du to Fragment Impact ments will be accelerated by the motion of the element

. a. When a primary fragment traveling at a high resulting in velocities in the order of several hundred
When velocity strikes the donor surface of a concrete barrier, feet per second.
ity strik large compression stresses are produced in the vicinity d. Because of the potentially large seeondary frag-
compre~ of the poirnt of impact. These stresses form a compres- ment velocities associated with primary fragment im-Spoint. sional wave which travels from the impact point, ex- pact, fall protection is usually required for personnel,

I wave panding spherically as it travels, until it reaches the valuable equipment, and sensitive explosives. This pro-
ing sph receiver side of the structure. At this free surface, the tection m-ay be accomplished either by providing suffi-ier side compression wave is reflected (reversed in direction and cient concrete thickness to eliminate spalling or by
ression magnitude). When the stresses in the resulting tension other mechanical means used to minimize the effects

dtude). wave exceed the stresses in the incident compression of spalling resulting from blast pressures as described
exceed wave plus the tensile capacity of the concrete, spalling in chapter 7. The required concrete thickness to elim-
plus th of the concrete at the receiver surface occurs. The inate spalling caused by primary fragment impact may

Le colc spa ling forms the oreviously mentioned crater on the be obtained from figure 8-4.

ng form
Section Ill. COMPOSITE CONSTRUCTION

8-7. General the fragment will stop within this section, then hO
Gene a. To evaluate the effect of primary fragments on damage will be sustained by the remainder of the bar4

To eval composite (concrete-sand-concrete) barriers, the pene- rier. On the other hand, if perforaiion does occur in
osite (c tration of the fragment through both the concrete and the forward (donor) section, then the fragment pene-
a of the sand must be considered. tration through the sand must be investigated.

must be b. For damage to be sustained at the i ear of a comn- b. The amount of the penetration through the sand
For da posite barrier, a fragment must first perforate both the depends upon the magnitude of the residual velocity

barrier donor concrete panel and the sand, and then penetrate as the fragment leaves the rear of the denor panel.
concret or perforate the receiver panel. If the fragment pene- This residual velocity is determined from figure 8-5rforate trates only part way through the receiver panel, then utilising the striking velocity, the thickness of the donor

only p spalling may or may not occur, depending on the panel panel, and the theoretical maximum fragment pene-
rig may thickness. Conversely, fragmenk perforation of the re- tration obtained from figure 8-3. The maximum pene-

ieww. Co ceiver panel means perforation of the entire barrier. tration X. through the sand is obtained from figure

panel t8-6, using the residual velocity calculated above as
6-6. Penetration of Composite [,hus the striking velocity of the fragment on the surface ofPen a. To determine the degree of damage at the re- the sand. If the penetration in the sand is found to be

ro dete ceiver side, the penetration of the fragment in each less than the thickness of the sand layer, no damage
side, t Other Than section of the barrier must be investigated in sequence. is sustained at the rear surface of the barrier. In case

n of the Starting with the striking velocity and the weight of of perforation, the penetration of the fragment through
ng with the primary fragment, the donor concrete section is the rear section (receiver) of the barrier is governed by
rimery tal fragments first analysed to determine whether or not perforation the residual velocity as the fragment leaves the sand.
aly been devel- of the section occurs. If the calculations indicate that This residual velocity is calculated in a manner similar

Ssection

6-s

I - - ~ t-7
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to that used for computing the residual velocity for tude of the fragment velocity as the fragment strikes
the donor panel (fig. 8-5), except that the fragment the forward surface of the panel. This velocity is equal
penetration and striking velocity are those associated to the residual velocity as the fragment leaves the sand.
with movement of the fragment through the sand. Once the penetration in the receiver panel is known,

c. Similar to the fragment penetration through the then the damage sustained at the rear of the composite
donor panel and sand, penetration of the fragment barrier can be defined in terms of either spalling or
through the reeeiver panel is a function of the magni- fragment perforation.

NUMBERS NEXT TO THE CURVES

OO0 .... INDICATE THE WEIGHT OF THE
PRIMARY FRAGMENT IN

'• 9, 0 0 0 OUNCES
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0 b3,000

2,000

,ooo •
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MAXIMUM PENETRATION INTO SAND XS (lt)

Figure 8-6, Fragment penetration through sand.
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APPENDIX 8A. PRIMARY FRAGMENTS
ILLUSTRATIVE EXAMPLES

PROBLEM 8A-1. M'AXIMUM PENETRATION

Problem: Determine the maximum penetration (embedment or perforation)
of a primary metal fragment into a concrete wall.

Procedure:

Step 1. Determine the type, weight Wf, and the striking velocity v

of the primary fragment. Also, the thickness of the concrete
wall Tc and the ultimate compressive strength of concrete

I

f must be known.
c

Step 2. Determine the maximum penetration Xf from figure 8-3 for the

values of Wf and v in step 1 where Xf in figure 8-3 is

for 5,000 psi concrete and armor- piercing steel fragments.

Step 3. To obtain the maximum penetration in concrete of metal frag-I

ments other than those of armor-piercing steel Xfo use

Xf . kXf (eq. 8-4)

Obtain k from paragraph 8-5.

Step 4. To determine penetration through concrete other than 5,000 psi

ultimate strength, multiply either Xf or Xf by

\/5,000 /f (in question)

N'ote:

If Xf (modified for fragment material and/or concrete strength)

is less than T , embedment will occur; if Xf (modified) is
greater than T , perforation will take place.

IT
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EXAMPLE 8A-1. MAXIMUM PENETRATION
Requ

fr Required: Maximum penetration (embedment or perforation) of a primary
fragment into a concrete wall.

Solution:
Step r perforation) Step 1. Type of metal: mild steel

Primary fragment weight: WE - 30 ounces

Striking velocity: vs - 4,200 fps

ing velocity v Thickness of wall: T - 18 in

f the concrete Ultimate concrete compressive stress: f' - 4,000 psi

Step of concrete c

Step 2. For Wf - 30 oz and v. W 4,200 fps:

Step 
Xf - 20.4 in (fig. 8-3)

Step 3. For mild steel fragment:
,re 8-3 for the k - 0.70 (para. 8-5)

figure 8-3 is X; - 0.70 (20.4) - 14.3 in
Ste e fragments.

Step 4. Actual maximum penetration - 14.3 •5.000 - 16.0 in
'4,000

f metal frag- Since Tc - 18 in. is greater than 16.0 in, embedment occurs,
V

Xf, use

PROBLEM 8A-2, DETERMINATION OF THE OCCURRENCE AND
EFFECTS OF PERFORATION

Prob
pe Problem: Determine the residual velocity of. a primary fragment if it

than 5,000 psi perforates a concrete wall.
Proc by Procedure:

Step
Step 1. Determine the type, weight Wf, and striking velocity va of

the primary fragment, Also, the thickness of the concrete wall
Tc and the ultimate compressive stress f'c of the concrete

Sp ncrete stregth) must be known.
Step ceosregh

odified) is Step 2. Proceed through steps 2, 3, and 4 of problem 8A-1. If the

maximum penetration is greater than T , perforation will

occur.

: :: ..... .. [ .. ....... . .. . .. . ... . i•T ........ . .
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Step 3. If perforation is not indicated by the calculations in step 2, Step
then discontinue the analysis. If perforation does result, then
compute the value of T IXf where X is modified for fragment

c f Xf
material and/or concrete strength. Step

Step 4. Utilizing the value of Tc/Xf, obtain Vr /V from figure 8-5.

Step 5. With the use of the values for vsand Vr /V of steps 1 and

4, calculate the residual velocity vr.

EXAMPLE 8A-2. DETERMINATION OF THE OCCURRENCE AND
EFFECIS OF PERFORATION Proble

no T

Required: Residual velocity of a primary fragment if it perforates a
concrete wall. Proce6

Sol ution: Step 1

Step I. Type of metal: mild steel

Primary fragment weight: Wf a 20 ounces

Striking velocity: v - 4,700 fpo Step 2

Thickness of wall: T - 12 in
c

Ultimate concrete compressive stress: f' - 4,500 psi
c

Step 2. For given conditions:

Xf - 22.0 in (fig. 8-3)

Step 3
k - 0.70 (para. 8-5)

X;= 0.70(22.0) - 15.4 11.i

-Actual maximum penetration - 15.4 - 16.2 in.

SSince T c - 12 in. is less than 16.2 in, perforation occurs.

S~Step 3.
T Tc/Af (actual) -12/16.2 =0.741

7 mo



2, Step 4.

ep 4. then vr/vs 0.475 (fig. 8-5)
ment r

Step 5.

ep5. 5. vr - 0.475 v8

nd vr = 0.475 (4,700) - 2,230 fps

PROBLEM 8A-3. DETERMINATION OF THE OCCURIRENCE OF SPALLING

ProbZem: To determine if spalling of a concrete wall occurs if there is

)bl~r no perforation by the primary fragment.

wo pe Procedure:

)cedu Step 1. Determine the type, weight Wf, and striking velocity v of

bp 1. the primary fragment. Also, the thickness of the concrete wall
and the ultimate compressive stress of the concrete f' must
be known,. C

Step 2. Proceed through steps 2, 3, and 4 of problem 8A-1. If the max-

ýp 2. imum penetration is less than Tc, then embedment of the frag-

ment will occur. For the values of Wf and Xf, compute
Wj/3/Xf. The value of Xf is modified for fragment material

and/or f '.
C"

Step 3. Compute the dilatational velocity,

c - 5.16 E C (eq. 8-2)
s c

where the modulus of elasticity of concrete Ec is given by

E - w1.5 3 (eq. 5-20)

and w is the unit weight of concrete.

6'

4 Li1
U IIH
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Stop 4. For the values of T ce Wf , Xf (modified), cs, and v a deter-

maine the value of

(Tc + 0.348 Wf /3

Step 5. Plot C versusW" on figure 8-4. If the point falls

between the two lines, then spalling will occur. If the point
falls left of the left hand line, then spalling will riot occur.

EXAMPLE 8A-3 * DETERMINATION OF THE OCCURRENCE OF SPALLING

Required: Determine if spalling of a concrete wall occurs due to pene-

tration by a primary fragment.

Solution:

Step 1. Type of metal: armor-piercing steel

Primary fragment weight: Wf - 40 ounces

Striking velocity: v. W 3,000 fps

Thickness of wall: Tc = 14 in.

Ultimate concrete compressive stress: V' 5,000 psi
c

Step 2. For given conditions:

X f -12.8 in (fig. 8-3)

k 1.00 (para. 8-5) .X' -Xf f

No correction for fl is necessary

Since T -14 .in. is greater than 12.8 in, embedmosnt occurs.
c

WI/3

f

S 4) .6
X 12.
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deter- Step 3. Determine the dilatational velocity.

E- (145) 1.5 (33)VF5 Turn 4.08 xi106 psi

mnt falls c a - 5.16 E -c5.16T4.08 -x i06 - 10,420 fps

f the pointStp4
1 not occur,Stp4 (Tc + 0.348 W'1/ I/

LING Xfv

e to pene- - 14+Q38 (40)'/3 1) 110.420

Step 5. The point WKS/Xf - 0.267 and C1 . 0.283 on figure 8-4 falls

between the two lines, therefore, spalling occurs.

PROBLEM 8A-4.4 DETERMINATION OF THE EFFECTS OF A PRIMARY
FRAGMENT ON A COMPOSITE WALL

si

ProbZ em: Determine the maximum penetration of a primary fragment into a
composite wall and the resulting effects on the donor panel, sand
layer, and receiver panel.

Pz'ocedure:

Step 1. Determine the type, weight *iWf, and striking velocity v. nf

the primary fragment. Also the thicknesses of the concrete
donor panel T c(donor), the sand layer T5  and the concrete

t occurs, receiver panel T c (receiver) and the ultimate compiessive

stress f' of the concrete must be known.
C

ý4I

44~



TM 5-1300/NAVFAC P-397/AFM W-22

Step 2. Proceed through steps 2, 3, and 4 of problem 8A-1. If embed-
ment of the fragment in the donor panel occurs, compute Wr/Xf
and perfonrm steps 3, 4, and 5 of problem 8A-3 to letermine if
spalling takes place.

If perforation of the donor panel occurs, compute T (donor)/X

and perform steps 4 and 5 of problem 8A-2 to find the residual
velocity vr.

Step 3. Utilizing vr (donor) as the va of the sand layer and Wfl
obtain Xs from figure 8-6.

If X is less than Ta. the fragment is embedded in the sand
layer and the analysis is discontinued.

If X is greater than T a perforation of the sand occurs.

Step 4. Compute T /X if perforation results. Use this value and

figu-.e 8-5 to obtain vr/V
r so

Step 5. With v and v /V of the sand layer, calculate vr (sand).C r s

Step 6. Utilizing vr (sand) as the v of the receiver wall and Wf,
obtain Xf (receiver) from figure 8-3. Proceed through steps

3 and 4 of problem 8A-1 if necessary.
p If embedment of the fragment in the receiver panel occurs, com-

pute 111/Xf (receiver) and perform steps 3, 4, and 5 of
problem 8A-3 to determine if spalling takes place.

If penetration of the receiver wall occurs, compute Tc
(receiver) and perform steps 4 and 5 of problem 8A-2 to find vr.

s- I



r .b .i

If embed- EXAMPLE 8A-4. DETERMINATION OF TH1E EFFECTS OF A PRIMARY

ute WY/X FRACMENT ON A COMPOSITE WALL

ermine if Required: Maximum penetration of a primary fragment into a composite
wall and the resulting effects on the donor panel, sand layer, and the
receiver panel.

c (donor)/Xf Solution:

e residual
Step 1. Type of metal: armor-piercing steel

Primary fragment weight: Wf - 20 ounces
and Wf, Striking Velocity: vs - 4,500 fps

Thicknesses: T (donor) - 12 inC

n the sand T - 24 in5

Tc (receiver) - 12 in

occurs* Ultimate concrete compressive stress: f' 5,000 psi

lue and Step 2.

Xf a 20.2 in (fig. 8-3)
(sand).

k - 1.00 (para. 8-5) Xf *Xf
1f and Wf

No correction for f is necessary.
ugh steps c

Since T (donor) - 12 in. is less than 20.2 in, perfora-
ction of the donor wall occurs.

ccurs, corn-

5 of Tc (donor) /Xf - 12/20.2 - 0.594

Vr NO = 0.600 (fig. 8-5)

Tc Vr (donor) - 0.600 (4500) a 2,700 fps

to find vr.

Step 3. For v (sand) - 2,700 fps

X8 - 39.6 in (fig. 8-6)

Since T. - 24 in. is less than 39.5 in, perforation of the
sand layer will occur.



Step 4.

T a/Xs M 24/39.5 - 0.607

Thi
"Vr /V a 0.595 (fig. 8-5) fjl

r aj

Step 5.

"vr w 0.595 ve

vr (sand) - 0.595 (2,700) - 1,606 fps

Step 6. For vs (receiver) - 1,606 fps

Xf (receiver) - 3.4 in (fig. 8-3)

k - 1,00 .X (receiver) - Xf (receiver)

No correction for f' is necessary.
c

T c (receiver) is greater than 3.4 in, therefore, fragment is

embedded in receiver panel.

Wr/s/f (receiver) - (20)1/3/3.4 - 0.799

E - 15(33)
C

rc - (145)1.5 (33) ,00 -- - 4.08 x 106 psi

c8 M 5.16 E - 5.16 \/4.08 x 0- 10,420 fps

S(Tc (receiver) + 0.348 Wih 1)1€ /1'

1Xf (receiver) . vs

- Y 'a

mA.L9"M MW1
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C (12 + 0.348 (2o•) ) (10,420)'/3 n 5.24" ~3.4 \1,6061

The
f guThe point Wl$/Xf (receiver) - 0.799 and C1 - 5.24 plotted on

ing figure 8-4 falls left of the left-hand line, therefore, anall-
ing will not occur.

agment is

i0
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CHAPTER 9

CONSTRUCTION DETAILS AND PROCEDURES

Ii

Section I. LACED REINFORCED CONCRETE CONSTRUCTION

9-1. General deflections are required and the high pressures associ-
ated with impulse loadings, it is recommended that aa. The major portion of the detailing and construc- minimum concrete strength of 3,000 psi be used.

tion procedures required for structures designed to resist b. The properties and testing of the concrete mate-
the blast output of high-explosive detonations is the rials (cement, aggregate, water) used in laced reinforced
same as required for structures designed conventionally. concrete construction are the same as those no.mally
However, some differences do exist and neglecting them used and should conform to the standards specified in

would result in an unsafe situation since the structure the ACI Building Code. High early-,strength Portland
would not act as assumed in the design. This chapterd esc ib e th se iff re n es n co s tr cti n w th art eu - cem en t (ty p e 111) m ay be u sed . T o m inim is~e th e eff ects
describes these differences in construction with particu- of spalling, it is recommended that the size of the aggre-
lar attention directed towards the construction of struc- gate used be not greater than 1 hich. This limitation
tures subjected to close-in blast effects. of the aggregate size also facilitates the placement of

b. Laced reinforced concrete elements are usually the concrete, particularly where the cover over the rein-
used in those facilities which are designed to resist the forcement is held to a minimum. In all cases, the mini-
explosive output of close-in detonations (high-intensity mum concrete cover should conform to that specified
pressures with short durations). The functional require- in the Amu Building Code and, wherever possible, should
ments of these facilities (storage and/or manufacture nso be the maximum thickness of the concrete cover,
of explosives) normally dictate the use of one-story c. Because of the presence of the lacing reinforcement
concrete buildings with austere architecture. Basically,

thes stuctres onsst f a eris o intrconecing in addition to the large amounts of flexural reinforce-these structures consist of a series of interconnecting met th oceesump used is usually larger than
structural elements (walls, floor slabs, and/or roofs) tentte cones eisual l lar grt hanforming several compartments or cubicles. Because of that permitted gor convent ~ioni construction. A con-
fmcubicle arrangement, the walls separating the fdi- crete slump of 4 to 6 inches is recomiuaended for lacedthisdubl ar rane the p an element he inlae elements to insure that concrete voids do not occur.
vidual areas are the predominant element used in laced d. Wherever possible, both horizontal and vertical
construction and are the most critical component in the cotrtinjnsshudbavde.Awlwoedesign. However, in some cases, the roof and/or floor construction joints should be avoided. A wall whose

height is equal to, or legs than, 10 feet usually can be
slab can be of equal importance.

c. Although the construction of laced reinforced con- poured without a horizontal joint. On the other hand,

crete structures is similar to conventional structures, good construction techniques and economy may require
the use of horizontal joints for higher walls. These jointssome changes in the fabrication and construction pro- should be located at points of low stress intensity. Acedures are required to insure full development of both sol elctda onso o tesitniyceue r eurdt nuefl eeomn fbt more detailed discussion of joint locations is given laterh

the concrete and the reinforcement well into the range mr tapted d
of plastic action of the various elements. anee these

i '•changes primarily affect the reinforcement rather than 9-3. Flexural Reinforcement e
the concrete, the major portion of the following discus-

sion pertains to reinforcing steel details. a. All laced concrete elements (fig. 9-1) must be b
reinforced in two mutually perpendicular directions. In sa

9-2. Concrete any one direction the reinforcement should be contin- 8tuous and must be symmetrical (equal tension and com- tI
a. The dynamic characteristics and high magnitude pression steel). All flexural reinforcement should consist le

of the applied blast loads require the strength of the of straight bars, and bends in the reinforcing within T
concrete used in laced concrete construction to be higher the span of an element should be avoided. However, the
than that required for conventional construction. Be- reinforcement may be bent well within the element's
cause of the flexural action of laced elements where large supports when additional anchorage is required.

ý ME ..
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LONGITUDINAL FLEXURAL REINF.

(L.ACING REINF,

e.9urs asoi-TRANSVERSE FLEXURAL REINF.
ressures associ-, -,

mended that a
i be used. Fiure A-1., Loced reinforced element.

b concrete mate-
req aced reinforced b. The spacing of flexural bars is governed by the the larger of the two bars spliced, but not less than 2
size hose normally required area of the reinforcing steel, the selected bar feet (usually the same size bars will be spliced). In
achi ds specified in size and, as discussed later, the spacing required to addition, splices of adjacent parallel bars should be
lacit ngth Portland achieve a working and economical arrangement of the staggered to prevent the formation of a plane of weak-
fairl uize the effects lacing steel. In general, flexural bars should be spaced ness. Figure 9-2 illustrates typical splicing patterns for
bet ze of the aggre- fairly close together to insure that the cracked concrete both single and bundled bars.
fror his limitation between the layers of reinforcement will not be dislodged e. Mechanical splices may also be used, but they
spa placement of from the wall. Tests have indicated that a maximum must be capable of developing the ultimate strength
men r over the rein- spacing of approximately 15 inches will insure confine- of the reinforcement without reducing its ductility. If

C. ases, the mini- ment of the concrete, the bar deformations have to be removed in the prep-
larg that sp'•,cified c. Because of their reduced ductility, reinforcing steel aration of these splices, grinding rather than heat should
be ossible, should larger than No. 11 bars (No. 14S and 18S) should not be employed since heat can alter the chemical proper-
Also •oncrete cover, be used as flexural reinforcement in laced elements, ties thereby changing the physical properties of the
to reinforcement Also, the size of the fiexural steel should be at least equal steel and possibly reducing the capacity of the element,
nor ural reinforce- to a No. 4 bar. Where rnecessary, the area of steel Welding of the reinforcement should be prohibited un-
pro) ly larger than normally furnished by the special large bars should be less it can be determined that the combination of weld
of t uction. A con- provided by bundling smaller bars. However, the use and reinforcing steel will not result in a reduction of
only nded for laced of these bundled bars should be limited to one direction the ultimate strength and ductility. In those cases where

Se do not occur, only for any laced element. If bundled bars are used in welding is absolutely essential, it may be necessary to

sup I and vertical an element whose main span is between two opposite obtain special reinforcement manufactured with con-
uous A wall whose supports, then all bars of each bundle should be contin- troiled chemical properties.
span usually can be uous across the full span. On the other hand, if the main
bars he other hand, span is between a support and a free edge, then bundled 9-4. Lacing Reinforcement
one y may require bars may be cut off at points of reduced stress. At least
full Is. These joints one bar in each bundle should be continuoum across the a. All flexural reinforcing bars must be tied with
eat s intensity. A full span. For two-way elements these cutoffs must be continuous diagonal lacing bars (fig. 9-4). At any partic-

anch s is given later located beyond the positive yield line with sufficiei.t ular section of an element, the longitudinal or main
d. anchorage to develop the bars. tension and compresion reinforcement is placed to the

elem d. Continuous reinforcement should be used in laced interior of the transverse or secondary flexural rein-
bilit element3, but in many cases this is a physical impossi- forcing steel around which the diagonal lacing bars are
sary 9-1) must be bility. Therefore, splicing of the reinforcement is neces- bent.
stres directions. In sary. Splices should be located in regions of reduced b. Lacing reinforcement must be fabricated without
the I tuld be contin- stress and their number held to a minimum by using the formation of excessive sWress concentrations at the
lengt sion and com- the longest reinforcing bars practical (bars 60 feet in bends. The bending should be performed without the
Te•a should consist length are generally available throughout the country). use of heat, and in ro ease should the radius of the pin
splici forcing within Tests have indicated that the preferable method of used to bend the lacing be less than three times the
men However, the splicing flexural reinforcement in laced concrete ele- diameter of the bar. Figure 9-3 illustrates the typical
of e the element's menta is by lapping the reinforcing barn. The length lacing bends used with both single and bundled flexural

uired. of each lap should be at least equal to 40 diameters of bars.

W 177'-
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size of the lacing bans should be that specified by No. transverse flexural reinforcement may or may not be bar size,
8 and No. 3 bars, respectivaly. Several lacing schemes tied at every intersection with a lopgitudinal bar. How- since thi
have been developnd (fig. 9A4) which avoid excessive. ever, a grid system is established whereby bar intersec- increase
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r bends, tio~ns are tied within a distance 5i or 2 feet, whichever the bar and the number of bends required to cover a
ar i he crn is less. The choice of the scheme to be used depends given longitudinal distance,

i.Te ost effi- upon the flexural bar spacing and the thickness of the d. An additional cost saving in the fabrication of
th l (lacing eomzent so that the angle is approximately equal to, the lacing may be realised by utilizing the equipment
ntsot tudinal but never less than, 45 degrees. Although not tying that is used to bend the steel bars for open web steel
ereuIes, the every transverse flexural bar results in a larger lacing joists. However, when detailing the flexural and lacing
tns not be bar size, the total cost of the lacing may be reduced reinforcement and the concrete wall thickness, consid- •
zeth .r How- since the size of the lacing bend sasociated .. th an eration must be given to the physical capabilities (size
thi~ntersec- increase in the spacing a, reduces the overall length of of bend and bar, depth of lacing, etc.) of the equipment.
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$OF SPLICE PATTERN

TYPE B
- .ij "- AVTYPE C

1 - ~ -TYPE 0

""-.-TYPE A

-" -TYPE 0

a) SPLICE PATTERN

A~ Or D•

b) LACING SPLICE

Figure 9-6. Typical dedaila for splicing of lacing bars.

Alteration of bar joist equipment to meet the require- require lacing in two directions. Discontinuous lacing usually req
ments of a design is not usually practical with respect is located perpendicular and adjacent. to the support preferable v
to both time and cost. while continuous lacing is placed across the full width The lap lenj

e. The placement of the lacing depends upon the of the elemtnt in direction parallel and adjacent to the be at least e
distribution of the flexural reinforcement and the rum- free edge located opposite the element's support. For (40-bar dia
ber and type of supports. Lacing is always placed per- two-way elements, diagonal tension stresses must be bent aroun,
pendicular to the element's supports to resist the diago- resisted in two directions, and these elements require splices of a
nal tension stresses. Because of the nonuniformity of lacing in both directions. Because of interference, lhcing avoid formi
the blast loads associated wth close-in detonations, can only be continuous in one direction, which in general the splices'continuous lacing across the span length should be used is in the direction of the longest span. Figure 9-5 (away from
to distribute the loads. Except for cantilever elements, illustrates the location of the lacing used in a cant'lever ing of lacinj
lacing in one-way elements is plaed in the direction of as well as in several two-way el~ments. possibie, we
and continuous across the span. Cantilever elements f. Similar to the flexural reinforcement, lacing will is only pen

7
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TYPE A

TYPE B
TYPE C a

"TYPE D
TYPE A

TYPE * NOTE: Le•S MEASUREDAL.NG CENTER LINE OF LACING BAR

BETWEEN POINTS a AND b.

sa-(251+D 0) SIN 9C •1N
L~a Cos 0

-2B (I- B)-+ "/'B (I-B)J',,4[(I-B) 3+ A"][B'B-A]

COS a 2(iB)+ A']

A= Vd, AND B 2R.I÷D -0 Do

Figure 9-7. Length of laing bar.

reqi intinuous lacing usually require splices. Tests have indicated that the ultimate strength can be amured without any reduction

)e wa to the support preferable way of splicing lacing is by lapping the bars. in strength or ductility.
lengt the full width The lap length which is measuired along the bars should g. The location of the splices is determined from the

e4 eq adjacent to the be at least equal to that required for a full tension splice distance along the length of the element which can be

diame 's support. For (40-bar diameters). However, the lacing should also be covered by a given length of lacing bar (usually GO

ound resses must be bent around a minimum of three flexural bars. The feet), The expression for the actual length of lacing bar
A adj lements require splices of adjacent lacing bars should be staggered to L, required to cover the length #I is a function of the

irning rferenre, lacing avoid forming a plane of weakness in the element, and flexural bar spacing and the geometry of the lacing and

cms sh hch in general the splices should be located in regions of low stress ii given in figure 9-7.
MOM n. Figure 9-5 (away from the supports). Typical details for the splic-

6cing in a cantilever ing of lacing bars are presented in figure 9-6. Wherever 9-5. Co ern De~ils

we!d possibie, welding of lacing bars should be avoided and Because of the magnitude of the blast loads associated

perm ent, !acing will is only permitted where the full development of the with close-in detonations and their amplification at
9-4
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comers, the use of concrete haunches (fig. 9-8) has been high shear forces from the element to its support and
found to be a satisfactory method of maintaining the to assist in maintaining the integrity of the intersection,
integrity of these sections of a structure. All corners Diagonal bars rhould be used in elements both with
should be reinforced with diagonal ba's to transfer the and without haunches.

Seaton II. DETAILING AND CONSTRUCTION OF LACEO STRUCTURES

9-4. Laced Elements the floor slab it is specified as 2 inches (minimum cover
"required by the ACI Building Code for concrete in

a. Walls. contact with the ground after removal of the forms).
(1) Figure 9-8 illustrates the detailing procedure The increased cover is achieved by increasing the wall

for a typical laced wall. The wall, which is free at the thickness rather than by ending the reinforcement.
top, supported at its sides by other walls (not shown) (5) Diagonal bars are provided at the intersection
and at its base by the floor slab, has vertical lacing of the floor shkb and wall. These bars transfer the high
which is continuous from approximately the midheight shear forces from the bmse of the wall tbrougb the
of the wall to the bottom of the wall below the floor haunch and into the floor slab. Section C-C, figure 9-8
slab. In the upper half of the wall, the horizontal lacing indicates the location of the diagonal bars relative to
reinforcement is continuous over the full length of the the lacing reinforcement.
wall and anchored in the side supports. It should be (6) Details of the reinforcement at wall intersec-
noted that the horizontal flexural steel in the lower half tions are similar to those at the intersection of the wall
of the wall is located at the exterior of the vertical rein- and floor slab. Figures 9-9 through 9-11 illustrate these
forcement, while in the upper half of the wall it is at details for the intersection of two continuous walls,
the interior. This arrangement is necessary for the place- one continuous and one discontinuous wall, and two
ment of the lacing so that the lacing can provide full discontinuous walls, respectively, In all cases both the
confinement of both the flexural steel and the concrete flexural and lacing reinforcement are fully anchored
separating the two layers of reinforcement. Reduction either by being made continuous through the intersec-
of the concrete cover ove'. the reinforcement in the upper tion or by being bent within the corner (support) to
half of the wall tends to minimize the effects of spalling, furnish the required anchorage length. Diagonal bars
The addition of U-bars at the top free edge also mini- have been provided at all intersections to transfer the
mizes the formation of concrete fragments from this support shears and to maintain the integrity of the
area. section. Wheie discontinuous walls are encountered,

(2) A portion of the wall should extend below the only one diagonal bar is effective for the continuous

floor slab a distance not less than that required to wall of figure 9-10 and for both discontinuous walls
anchor the flexural reinforcement (40-bar diameters) of figure 9-11. For these cases, bundled diagonal bars
and in no case less than I foot, 6 inches. In addition (2 bars maximum) may have to be used. If perraitted
to providing anchorage for the vertical reinforcement, by architectural criteria, discontinuous walls should be
the portion of the wall below the floor slab assists in extended a distance sufficient to anchor all reinforce-
resisting sliding of the structure by developing the po.w- ment, thereby enabling the details of figure 9-9 to be
sive pressure of the soil adjacent to the wall. used. This extension (or extensions) aids in resisting

(3) If adequate resistance is not afforded by the both the overturning of the structure and the tension
soil, then additional reinforcement may have to be forces produced in the walls (discussed further in sub-
placed in the lower portion of the wall to resist the sequent paragraphs).
vertical bending moments induced by the blast loads b. Floor and Roof Slabs.
acting on the floor slab adjacent to the wall. The hori- (1) Floor slabs on grade must provide iufficient
sontal reinforcement below the top of the floor slab capacity to develop fully the wall reinforcement. If
which is normally used for tying the vertical lacing may sufficient resistance is provided by the soil, slabs poured
be considered effective in resisting the vertical bending on grade usuaJly do not require lacing. Soil strata
of the wall. having a bearing capacity at lenst equal to 3 tons per

(4) The working pad at the base of the wall pro- square foot usually can be considered to provide the
vides the support required for the erection of the wall support required by the slab. Before placement of the
reinforcement and also affords protection for the rein- slab, the top 6 inches of the subgrade should be com-
foroeenent arter construction is completed. It should pacted to 95 percent of maximum density in accordance
be noted that in the example illustrated in figure 9-8, with A8TM Standard D1557.
' the cover over the reinforcement in the portion of the (2) Roof and floor slabs, which are not supported
wall above the floor slab is specified as f inch (minimum by some other medium such as soil, are similar to dhe
reinforcement cover required by the ACT Building Code walls since they are usually supported only at their
for concrete not exposed to the weather), while below periphery and roquire the addition of lacing to distribute
'-4
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Figure 9-9. Typioal ddtail ua inerseedion of two continuous walls.

and resist the applied blaat loads. In those facilities mum amount of transverse reinforcement in walls, that
where the explosion occurs within a structure, the blast is, the amount of the loop steel is equal to one quarter
pressures acting on the interior surface of a nonfrangible of that for the main flexural steel. Because of the con-
roof cause tension stresses in the walls which require tinuity of the loops around the beam, they may be used
the addition of tension reinforcement above that needed to resist shear stresses produced by torsion which may
for bending. require the amount of loop steel to exceed that specified

c. Beams. by the above minimum.
(1) When beams are subjected to the high-pressure

range effects of an explosion and/or are permitted to 9-7. Composite Conshtuction
4 sustain support rotations exceeding 2 degrees, then a. Composite construction is primarily used for wall

lacing reinforcement is required to develop its full poten- construction and consists of two concrete panels sepa-
tial capacity. rated by sand fill (fig. 9-12). Details of each panel

(2) The lacing is designed in the same manner as are similar to those described for single laced walls.
that used in walls or slabs. In addition to lacing, a series b. The concrete panels may be supported at the base or solid. Op
of loop bars are used to confine the concrete between either by the floor slabs or a concrete pedestal. When edge of the
the layers of reinforcement which would otherwise be the pedestal is used, reinforcement across the base of when an emdisplaced along the sides of the beam. Also, the loop both panels terminates in the floor slab and provides motion and
ban serve as upper and lower supports for the lacing a monolithic connection between the two panels. The The solid w
similar to te transverse steel in walls. The spacing of flror reinforcement serves as the monolithic connection and bendinj
the loops is predetermined by the spacing of the lacing when pedestals are not used. d. Them
while the amount of the loop bars is equal to the mini[ c. The upper portion of the wall may either be open tion of the

V TRW3- /
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he base or solid. Open sections are usually used when the upper compacted after construceion due to its own weight
When edge of the wall is unsupported; the solid section is used and/or by water drainage when the wal! is exposed

f the w base of when an external tie system is used to restrain the to the weather. The sand fill must be continuously
an ex rovides motion and provide support for the top of the wall. maintained at the level stipulated in the design by

and Is. The The solid section must be reinforced to resist torsion mechanical means which will allow periodic rearrange-
)lid s nection and bending induced by the ties and the panels. ment of the sand fill. Clay pipe or other similar material

endi d. The impulse capacity of composite walls is a func. may be placed in the wali cavity with the sand so that
'e open tion of the density of the sand fill. The sand will be when thv wall is loaded the clay pipe will be cruhed
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Figure 9-18. TypicaL cornpoaike wail deta~iia.

by the impact of the donor panel, thereby providing This extension of the walls and floor slab (1) increases
space within the wall cavity into which the compacted the resistance of the structure to overturning (rotation),
sand may flow, hence reducing its density. If possible, (2) increases the rigidity of the structure, (3) reduces
the sand should be protected from the elements by the effects of the unbalanced wall moments which cause
sealing the top of the cavity, twisting of the corners, (4) reduces the required thick-

ness and/or reinforcement in the floor slab (momentI 9-8. Singl, and Multicubicle Structures capacity of the floor slab extension must be developeda. In single-cell structures (fig. 9-13), unbalanced by bearing on the subgrade), and (5) eliminates the Leforces (support reactions) exist at all element intersec- need to anchor the reinforcement by bending it at the
tions (walls, and floor and wall intersections) and must corners which would ordinarily hinder the placement
be resisted by tension forces produced in the support of the concrete.
elements. In addition to the reinforcement required to c. End cells of multicubicle arrangments also require

oesist flexural and shear stresses, tension reinforcement the addition of tension reinforcement to resist unbal-
distributed along the centerline of the elements is re- anced blast loads acting on the end walls. The interiorquired. Horizontal tension reinforcement in the side celle do not require this additional reinforcement since
wall and floor slab (parallel to the side walls) is required the mass and base friction of adjoining cells provide
to resist the vertical auid horizontal reactions of the the restraiut to resist the lateral forces. Two possible
back wall, while horizontal steel in the back wall and multicubicle arrangments are shown in figure 9-14, In
floor slab (parallel to the back wall) resists the tension both arrangements the back walls of the cells are con-Sforces produced by the side wall reactions. tinuous, whereas the side walls between the adjoining

b. These unbalanced forces are transmitted to the cells are either continuous or discontinuous. The type
structure's fcundation and, depending upon their mag- of cell arrangement (either one of those shown in figure can resu
nitude, the size and configuration of the structure and 9-14 or a combination of both arrangements) used in at the'1 the subgrade conditions, the structure may be subject a particular design depends primarily upon the func- settingto both translational and vertical rotational motions. tional requirements of the facility and the economy the sparTranslation of the structure is resisted by the extension involved. However, there ae certain structural features walls is
of the walls below the floor slab (shear key) and the which should be considered in the final selection oi (concretfriction developed between the floor slab and subgrade, either structural arrangement. The horizontal reinforce- wall.
wheres rotation is resisted by the man of the structure ment (flexural and lacing) in the side walls may be d. Inwith assistaice from the blast load acting on the floor placed continuous across the back wall of the continuous stant co
slab of the donor cell. The stability of the structure side wall sheme, whereas with the discontinuous scheme Howeve
can be substantially increased by the extension of the the side wall horizontal reinforcement must be bent desirabiq
walls and floor slab as illustrated in b, figure 9-13. and anchored in the back wall. This latter arrangement the cont

9-10-d
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n figure can result in congestion of the horizontal reinforcement of adjoining cells. This reduction shouid only be made
n result used in at the wall intersections. On the other hand, by off- between the supportO in oider that a constant moment
the wal e func- setting the side walls at each side of the back wall, capacity can be maintained across the length of the

ýting th onomy the span length of the back wall between adjacent side reduced element. This capacity reduction requires the
a span le eatures walls is reduced thereby reducing the required strength horizontal reinforcement to be spliced at the supports,
ils is red tion of (concrete thickness and/or reinforcement) of the back and extreme caution should be exercised in the detailing
)ncrete t *nforce- wall, of the splices.
il. ay be d. In general, continuous walls usually require con-
d. In ge inuous stant concrete thickness and horizontal reinforcement. 9--9. qulnfc@e of Coflniaft doe
int cone cheme However, where economy can be achieved, it may be a. Although the construction procedure for all laced *
)wever, bent desirable to reduce the thickness and reinforcement of concrete elements is similar, each structure must be
sirable t ment the continuous wall of one cell in comparison to those evaluated to determine the specific sequence of con-
D contin
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a) CONTINUOUS SIDE WALL CONSTRUCTION
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b) DISCONTINUOUS SIDE WALL CONSTRUCTION
the tol:
,ontal

Fifure 9-14. Typioa mulicsbicd structures. wall.
6. Adjust rn

third p
lacing i

struction which is most appropriate for the particular s*D P*,d, fleuralI

situation. This evaluation should consider: (1) the Joea- I. Fabricate the reinforcement u indicated on the drawing. Place t

tion of reinforcement splices, (2) erection sequence of 2. Pour a working pod. in step
the of reinforcement ( plieml (2) rctiong), sequncetion of 3. Erect vaeiotal flexursl reinforcement, vertical lacing, and 7. Pour rem
the reinforoement (fiezural and lacing), (3) location of v floj horizontal lexural tors 8. Where tv

vertical and horikital construction joints, and (4) pour- between vertical lacing and farunra barn up to the top of concret

ing sequence of the concrete. te vertical lacing. A•mo place reinforement for Cw floor steps 3

b. To illustrate the construction of a laced concrete 81ab.

wall, consider the recommended construction procedure 4. Adjust reinorcement to required positione and complete c. The usnC seond pour.hoi nt)for the wall described in figure 9-8. The concrete pouring 5. Plaue hOrISOto Sezurl ad l ret.t horizontal) d

sequence is illustratod in figure 9-15 while the procedure apeao ban (at wall intcsectiom as shown in Agum " all joints an-

is a follows: throgh 9-11) betwem the top of the vertical lcin ad joints in ls

P
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BACK WALL

'-- ORIZ. CONSTR.
JOINT

"FLOOR SLAB

WALL PEDESTAL

Figure 9-15. Pouring sequeces.

Steps Procedures good practice for placement of concrete and/or economy

the top of the wall. Where two walls intersect, the hori- requires their use. All joints should be located in regions
zontal reinforcement must be placed alternately in eac't of low stress int3naity, and, if possible, vertical joints
wall. wail.should be situated in areas where horizontal lacing is

6. Adjust reinforcement to required positions and complete
third pour. (As an alternative, place sufficient horizontal located, bnd horiiontal joints should be situated in
lacing in Etep 5 to insure proper positioning of the vertical areas where vertical lacing is located. In addition, con-
flexural reinforcement, complete third pour, and then crete surfaces should be roughened at all joints.

the drawings. place the remainder of the horizontal reinforcement as d. The above construction procedure required the
in s•tp 5.)

ical lacing, and 7. Pour remainder of wall (fourth pour). use of two horizontal construction joints. The joint
I fleur3a barn 8. Where two walls intersect, erect reinforcerment and pour located at the floor slab is generally used in all laced

up to the top of concrete for both walls simultaneously as described in concrete structures while the second joint in the upper
t for the floor steps 3 and 7. section of the wall should only be used if the height of

the wall warrants it. The use of vertical construction
and complete c. The use of construction joints (both vertical and joints is generally required for multicubicle arrange-

ment and di- horizontal) should be avoided wherever possible since ments. Walls (intersecting walls must be poured simul-
in figures " ukll joints are a potential plane of weakness. However, taneously) and corresponding floor slabs should be

lacing and joints in large structures cannot be avoided because poured in checkerboard fashion to guard against joint

4T '7 ~ - ',- 11"iC77
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separation due to shrinkage and temperature variations. e. Expansion joints are generally not required for
To maintain a mininum rate of pour, multiple pouring laced concrete elements due to the presence of relatively
crews may have to be used, and pumping of concrete, large amounts of reinforcement. However, their use
rather than the use of trenries, may be required for should be considered for long buildings and/or struc-
high walls. tures subjected to extreme temperature changes.

Section II. UNLACED REINFORCED CONCRETE CONSTRUCTION

9-10. General an element should be detailed to insure that failure due
to elastic rebound stresses associated with short dura-

Unlaced reinforced concrete elements are used in those to las rebou stre
facilities designed to resist explosive output at the inter-
mediate- and low-pressure design ranges. These facili- 9-12. Details of Unlaced Elements
ties generally consist of shelter~type structures. In general, the properties of the flexural reinforcement

9-11. Dffe4ences From Conventional Con- (anchorage, splicem, etc.) specified for laced concrete
struction elements also apply to unlaced elements. However, only

a portion of the flexural reinforcement must be contin-
Blast resistant structures utilizing unlaced reinforced uous. If increased shear capacity is required, this
concrete construction will only differ from conventional strength can be achieved through the use of stirrups.
construction insofar as the increased magnitude and The detailing of the stirrups should insure full develop-
reversibility of the applied loads are concerned. These ment of the plastic strength. Except for an increase
differences are reflected in the details of the blast resis- in the required strength, the concrete used in the design
tant structure. An increase in the amnount of reinforce- of unlaced reinforced uoncrete will be the same as that
ment is requited to resist the larger loads resulting from used in conventional construction, that is. both standard
the blast. Also, the reinforcement at both surfaces of and high early-strength concrete may be used.

II

9-12
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CHAPTER 10

OTHER FACTORS CONSIDERED IN EXPLOSIVE FACILITY DESIGN

Section !. INTRODUCTION

10-1. Scope to achieve economical design of both the protective
In addition to the structural requirements to resist structure and of the overall layout of the facility, (3)
blast pressures and primary fragments, the design of proper location and arrangment of entranceways and
protective structures to resist accidental explosions methods of closures for openings in shelters, (4) protec-
should consider: (1) site planning to achieve a safe tion against structural motions, and (5) use of earth-
and operationally efficient facility, (2) cost effectivenmss covered steel-arch magazines.

Section II. SITE PLANNING

10-2. Guide Lines d. Another factor which can significantly affect the
required separation distances is the possibility of the

a. Because of the wide variation in operational re- occurrence of simultaneous detonations. If a protective
quirements, proper siting will usually be specific to structure containing several potential explosions is de-
each facility. Certain guide lines can be established signed to prevent propagation of the explosion from one
which will reduce construction costs, optimize safety, area to another, then structures located adjacent to
and facilitate operational requirements. To achieve an the building containing the potential hazard can be
economical design, the orientation of a particular build- sited based on separation distances to provide safety
ing must be balanced against its operational needs and from a single detonation. Laced reinforced concrete
its relationships to other off- and on-site structures with dividing walls can be designed to prevent propagation.
particular attention to those buildings housing the max- On the other hand, where propagation (simultaneous
imum potential hazard, detonation) occurs, safe distances between buildings

b. Economy from siting of facilities can be achieved must be substantially larger. The magnitude of this
by minimizing distances between, and by proper orien- increased distance is dependent on the number and size
tation of, on-site structures. Required separation dis- of the potential explosions.
tances will usually be governed by the blast effects of e. Structures containing explosives should be oriented
the detonation whereas both primary fragments and to minimize damage to the remainder of the facility
blast effects will be factors in determining structure and to off-site areas. Barriers, cubicles, and igloos are
orientation, generally oriented so that the frangible portions of the

c. New facility designs which consider both blast structure direct the blast and fragments away from
pressures and impulse loads for establishing safe dis- other structures and in the direction of minimum off-site All fou
tances will produce economy not only in land reduction population and facilities, Cubicles and other similar design
from that required by the quantity-distance table, but storage or operating structures usually will have one an inte
also by cost savings realized fiom the reduction of the or more surfaces frangible (fig. 10-1). Direction of the g. T
required length of roads, security fences, and other debris from the frangible portions of these structures forced
auxiliary apparatus (tramways, walkways, piping, wir- can often be controlled by proper detailing, cell, th
ing, etc.) which ;nterconnect the vwrious on-site build- f. To illustrate debris control, consider the two-cell buildul
ings and off-site areas. In the case of reinforced-concrete, cubicle structure of figure 10-1, where each cell consists viding
blast-resistant shelters for personnel, the required sepa- of three exterior reinforced concrete walls and one com- walls I
ration distances calculated using both parameters (pres- mon concrete interior wall. A concrete beam located ultimal
sure and impulse) and the structural response can be midway between the exterior and interior side walls fide ws
greatly reduced from those specified in the quantity- adds lateral restraint to the top of the front and back b3eam s3
distance tables. walls in addition to providing suppoi t for the roof slab. to sust

.
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item f minimum off-site All four walls and the concrete beam of each cell were directing the concrete fragmenm from each free sectionThe nd other similar designed to resist without failure the blast output of of the slab toward one another. This slab action mini-al com Ily will have one an internal explosion. mized the amount of roof slab debris directed towards
there Direction of the g. The roof of each cell was also constructed of rein- the roof slab of the reoeiver cells. In addition to pro-Iu) these structures forced concrete and was designed to blow off the donor viding the mechanism required to produce rotational
ig Il, etailing. cell, thereby relieving the pressures created by the gas action of the donor cell roof, the tiedown bolts also, tha sider the two-cell buildup within the cell. This was acomplished by pro- provided the required hold-down necessary to resist

nate each cell consists viding less strength in the tiedown bolts at the side the negative-phase pressures acting on the roof slab
wals, alls and one corn- walls than would be required to fully develop the of the receiver cell produced by pressure leakage froma sup te beam located ultimate capacity of the slab. As the bolts fail at both the donor cell.

nstain terior side walls side walls, the free ends of the slab will rotate the center h. Another demonstration of proper debris control
e front and back beam support (bolts at the center support were designed is with the use of earth-covered igloos, where the en-for the roof slab. to sustain the ultimate capacity of the slab) thereby tranceway portion (steel doors and concrete retaining
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walls) usually forms the major debris hasard to other n. Although locations of site roads and walkways
structures. Use of laced concrete reinforcement in the usually cannot conform to minimum distances required
retain-ng walls and strengthening of the door hinges for conventional operations, they should be oriented
reduces the travel of the debris and in many cases with consideration for maximum protection and the
prevents disengagement entirely (fig. 10-1). factors involved in recovery from accidental explosions.

i. Protective structures not housing explosive hazards Barricades for debris protection may be useful to achieve
should be oriented to minimize the effects of the blast economy in road construction.
output on their exterior surfaces and within the struc-
tures themselves. Minimum cost is attained when the 10-3. Typical Case Study
smallest exposed wall area of a building faces the hazard, a. General. To illustrate the guide linies for site plan-
thus reducing the overall blast loas acting on the struc- ning and other design features of explosive facilities
ture. Of particular importance in this regard is the blast discussed in this manual, consider the design of a typical
load caused by the reflected pressures acting on the ammunition maintenance facility described in figure
surface facing the detonation where amplification of 10-2. This facility consists of six main components
the shock pressures occurs when the pressure front interconnected with roads, walkways, and a tramway
impinges on the structure. (only between two components). These components and

Aj. When explosions occur in cubicle-type structures, their assigned high-explosive quantity for establishing
the blmst pressures propagating from the open end of explosive quantity-safety distances and blast param-
the structure are higher, at a given distance, than those eters are as follows:
pressures acting on the ground surface adjacent to the
cubicle walls. Economy will be achieved by siting other co5,eft s 4fd 0"it
facility structures (containing explosives or personnel) 1. Ammition Maintenance Build- 25,000 lb (total)
opposite the cubicle walls with the open end of the donor 1, g (cubicle structure with 19 5,000 lb (per cell)

cell directed towards remote off-site areas, cells).
k. As previously mentioned, the number and size of 2. Earth-Covered Magazines (5 25,000 lb (total)

openings in shelters should be held to a minimum, and, steel-arch magazines). 5,000 lb (per magazine)
if possible, shelters suould be windowless. When re- 3. Missile and Rocket Motor Hold- 7,000 lb

Down Stand (1 earth-mounded
quired for operational purposes, openings in she'ter dividing wall structure).
structures should be placed in those surfaces facing 4. Vacuum Collector Building 400 lb (total)
away from the potential explosion. Depending on the (cubicle structure with 2 cells). 200 lb (per cell)
size of the structure, the savings by eliminating wi.adows 5. Lunch Room--Change Houme. None
may offset the costs of ventilation or air conditioning 6. Flammable Storage Building. None

when required. This and other features of orientation
of openings are discunsed in more detail later in this b. Safe Distances.
chapter. (1) Minimum explosive separation distances indi-

I. Quite often windowless or almost windowless build- cated on the site plan (fig. 10-2) are in accordance with
ings can be located closer to potential explosive hazards the minimum requirements of the Safety Manual except
than conventional structures with earth barricades. In that the minimum intermagazine spacing of 22 feet for
these cases, cost savings achieved by the elimination the earth-mounded steel-arch magazines is based upon
of the barricades and by the land reduction offset the the formula D - 1.25W1' which is now the currently
increased building cost. Furthermore, reduced opera- accepted criteria on the basis of full scale tests. In
tional costs are usually realized, addition, the minimum intraline separation of 150 feet

m. When barricades are required to reduce separa- between the earth-covered Steel-Arch Magazines and
tion distances specified by the quantity-distance tab'es the Missile and Rocket Motor Hold-Down Stand is
in the Army Materiel Command Safety Manual based upon the hazard of the former with respect to
(AMCR 385-224), hereinafter referred to as Safety the latter. Because of the demonstrated hardnems of the
Manual, some economy can be achieved with the use steel-arch magazines, it is not considered that an inci-

'1 of reinforced concrete barriers. Depending upon the dent involving 7,000 pounds of explosive at the hold-
distance between the explosive and the barrier, the cost down stand would pose a serious hazard to the contents
of the concrete barriers has been found to be less than of the magazines. These separation distances provide
that for earth-mounded barricades for explosive weights a level of protection consistent with protection category
as large as several thousand pounds. The maintenance 3 (ch 3) where prevention of communication of detona- loading a

Sof concrete walls is significantly less expensive than that tion by fragments and high blast pressures is required. 25,000 pc
for earth-mounded single and/or double revetted earth (2) The Lunch Room--Change House, which is Ammunit
barricades. Soil erosion, dry-rot, and/or weathering of scparated from the Maintenance Building by intraline the near
the wood supports which are continuous problems distance, has been designed to provide full personnel (3) 1
throughout most o0 the country, are also eliminated. prgtection (category 1, ch 3) against the blast impulse Vacuum (

10-2
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Figure 10-3. Off-sace separation distances (typical ammunition maintenance facility). turo
pro

4where prevention of mass detonation as a result of of structural or motor fragmnents which would be thrown Ro(
subsequent detonations produced by communication of out in the event of an accidental explosion at the hold- the
detonation between two adjoining areas is required. down stand. acc4

(4) Off-site separation distances for inhabited (5) For the amount of materials contained in the yen
buildings and public highwaxys (fig. 10-3) conform to Flammable Storage Building, a safe fire hazard separa- ing
the Safety Manual except that the 60-degree by 1,800- tion distance between this building and other buildings Chi
foot safety sector centered on the front of the Missile of the facility has been established by conventional Ain
and Rocket Motor Hold-Down Stand has been estab- fire-prevention engineering as 100 feet. two

lished as a measure of protection against the hazards c. Relative Orientation. The relative locations of struc- by,

7ZI
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Figure 10-4. Ammuniion nwinlownare butiding.

purovi tures and roads within the facility were established to one for equipment and small explosive charges (up to
proviprovidt- fn efficient optr-itionn) arrangement within the 500 pounds) and the other arranged for heavier explo-

limita, limitations imposed by safety requirements. The Lunch sives (up to 5,000 pounds)), is oriented with the smaller
the Id be thrown Room-Change Building is located at the entrance to explosive operating line facing the facility for two
ace at the hold- the facility for convenience and maximum control. The reasons, i.e., (1) to minimize the road length and side

access road is aligned as close as practical to the trans- area and (2) to provide the added, protection afforded
verse c ained in the verse centerline of the Ammunition Maintenance Build- by the central dividing wall against accidental explosion

ing to
Chang sard separa- ing to minimize travel to and from the Lunch Room- along the operating line containing the large explosives.

Amm er buildings Change Building and the ammunition magazines. The As was previously discussed in chapter 4, tests have

tonventional Ammunition Maintenance Building, which consists of shown that the magnitude of the leakage pressures from
w pa two parallel operating lines (center of building separated cubicle-type structures will, in addition to other factors,

ons of struc- by a continu.ous longitudinal dividing wall (fig. 10-4), be dependent upon the cell dimensions in which the

10-3
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Section III. COST EFFECTIVENESS
1-. 10-4. Genetal and receiver systems and the protective atructure) of an

a, Ali explosion protective system must be considered to insure

DfHtuea. Although the ultimate decie~ion regarding the type economy and safety in both the facility layout and the
genruet of structure to be used in conventional construedon is protective structure design (fig. 10-6).
eng coils generally based on economy, an additional factor requir- b. As previously mentioned, the donor system is an-

rng OI1 ~ing carisidoration in protective design is safety. Here alyzed first and the explosive output, in terms of pri-
~hereatthe relationships between the three components (donor mary fragments and blast pressures, is determined. An

the rla
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Figure 10-8. Variation of optimum reinforcement with unit price of omwter and Stml.

indica indicated on figure 10-7 where the wall has an overall square foot of wall surface excluding formwork varies

height heigh, of 15 feet with a 1- by 1-foot haunch located at as a power function of the charge weight (fig. 10-7).

the b aoced Concre. the basc slab. The length of each wall is three times its This power function is dependent upon the relationship

heigh. height. The wall is designed to resist the blast output between the nnit prices of the reinforcement and con-

from a from a maximum charge weight of 7,500 pounds of high crete.

explosi otective struclure explosives located 12 feet, 6 inches from its surface. The d. For the unit prices ($350 per ton for steel and W40

design ents (wall, floor, design height of the charge above the flor slab is as- per cubic yard for concrete) considered, it is shown

sumid de the protection sumed to be equal to one-quarter of the wall height. (fig. 10-7) that the cost of the wall to resist a 1,000-

C. R nd the thickness r. Results of cost analyses, considering the use of pound explosion would be $79 per cubic yard of concrete

laced significant factorm laced reinforcement and based on incipient failure cri- (including formwork) which is in the order of magnitude

teria, i of the structure, teria, indicated that for a potential explosion equal to, of conventional concrete structure costs.

or gre ever dividing wall or greater than, 110 pounds, the minimum cost per e. The analysis also indicated that in order to obtain

44
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minimnum, construction cost, the thickness of the wall and lower limits of the optiimum reinforcement are ap- w~eight% less
should be increased as the charge weight it, increased. proximately 0.65 and 0.4 percent, respectively (fig. trolled by tf
This concrete thickness should be compatible with flex- 10--8). This variation does not, significantly affect the inrnu to tha
ural reinforcement (vertical steel in each surface of a power functioni variation, charge weight versus cost, constant for
cantilever wall) equal to 0.49 percent (optimum rein- as given in figure 10-7. be resisted 1:
forcing steel). Although this optinium. percentage of f, The lower limit of the charge weight (110 pounds) g. For co
reinforcement will vary with the cost of material%, the in the power function relationrship is dependent on the designed to
variation is small. For example, when the concrete price ininimumi thicknews of concrete walls as specified in the compared w:
varies between 535 and $45 per cubic yard and the ACI Building Clode. Another power function of the crete panels
steel price varies from 5200 to $5M0 per ton, the upper charge, weight versus construotion cost occuirs at charge the same pr

L laced single

12.6 T 3LEGEND

SW *Standard Wall
£ LW *Laced Wall

T *Wall Thiokness
% UNiT PRICE

04 JFLOOR SLAB W$OCY
RaSW - $ 300/Ton

CANTILEVER WALL LW - 35O/Ton

I T

1000 -

10
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b A.

iless th~ e ap- weights less than 110 pounds. This reiationship ii con- ment velocities of 100 fps or less, For the range of charge
by the v (fig. trolled by th~e variation if reinforcement from the opti- weights considered, composite construction using sand
o that st et thi- mum to that specified for minimum steel. The cost is as the filler material is more expensive. Furthermore,
it for all cost, constant for all charge weights less9 than that which can larger overall wall 3ections are required. However, at~
;ted by t be resisted by the mninimum section. very large charge weights, both cost and concrete thick-
.3r comp~ unds) g. For comparison, the costs of laced single walls nesses of composite walls approach those of the laced
!d to ap-, oit the designed to aipproach incipient failure conditions were singie walls.
-Ted with in the compared with costs of composite wall., (two laced con- h. As may be expected, the post-failure fragment
anels sel of the crete panel- separated by 3 feet of sand) designed for criteria results in a substantial cost reduction. For
ne prot.' charge the same protection, and also comp~red with costs of charge weights ranging between 1,000 and 10,000
ingle will laced single walls designed to fail with controlled f rag- pounds (minimum concrete and steel) (fig. 10ý-7), the
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cost for walls designed for post-failure fragment criteria "12-inch standard dividing wall" (fig. 10-9). The costs
varies between approximately one-third and one-half of the laced walls vary from 80 percent to 67 percent
the cost of walls designed for incipient failure. There- of the costs of the standard walls for charge r.eights of
fore, the cost advantage of designing a wall for post- 100 and 10.000 pounds, respectively. Moreover, the
failure fragment criteria instead of incipient failure thickness of the standard walls are substantially larger
decreases as the charge weight increases. It may be than those of laced walls. As a comparison, for a 100-
noted that the cost of the "12-inch standard wall" is poand charge, the required thicknesses of laced and
approximately the same as that of mimimurn laced standard walls are 10 and 22 inches, respectively.
single walls (10-inch thick section). However, for the j. In many installations, the space required for the
post-failure fragment criteria (velocity- 100 fps), the concrete wall thicknesses corresponding Lo the optimum
charge capacity of the "standard wall" is one-third that reinforcement is not tivailable. Increased amounts of
of a laced wall. reinforcing steel must be provided to decrease the thick-

i. As an extension to the analysis, the costs of laced ne,9 of the wall. Figure 10--10 illustrates the additional
concrete walls were compared to the costs of standard cost incurred if the thickiiess of the previously men-
concrete walls (with varying thickness) which utilize tioned cantilever wall is reduced. For all chargz' weights
the same percent reinforcement (0.167 percent) as the studied, the cost increase when 1-percent flexural steel
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(fig. 10-9). The costs 16
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Figure 10-13. Proportioning of reinforcement ia two-wuo ylene•, to provide shiel

gas, and sm.ok(
hlast leakage

determining the cost effectiveness of these walls. Before justment to attain the optimum total amount of steel bat the h

the optimum thickness and reinforcement can be esta,- in the entire structure. As an example, consider a three- within the sheld

lished, the optimum placement -f the steel in both the cell structure whose dimensions, of pmogressive cells, nel are exposed

horizontal and vertical directions must be determined are defined by length to height ratios of 1.5, 3.0, and not exceed acceb. Entrance
in order to obtain the maximum wall capacity for a 6.0. Each cell is to contain 3,000 pounds of high explo- few in number
given total amount of steel used in the wall. As shown sives located 3 feet from the surface of the back wall.
in figure 10-13, the proper amount of reinforcing steel The results of an analys;s indicated that the required and/orbeteroe
in each direction is a function of the length to height ratios of percentages of the horizontal to vertical steel, requires that a
ratio of the wall. to obtain minimum total steel, were approximately operating cul

n. The steel proportions indicated in .lgure 10-13 one-third, equal to, and four times as large as, those than two pr
are optimum steel placements for single-cell arrange- given in figure 10-13 for the small-, medium-, and than two peras

ments and for multicubicle structures where all cells large-size single cells, respectively. require at least

have the same! dimensions and donor system (charge o. Once the correct steel proportions are obtained, persons occupy

weight and location). For multicubicle structures with the optimum reinforcement and wall thickness are cal- each five addit
unsymmetrical cell arrangements end/or variation of culated in a manner similar to that illustrated by the sibte, exits she
the donor Rystenis, these proportions may require ad- cantilever wall analysis. area, equally n p

est axit. Also,
30 inches in wii

c. The abovc
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Section IV. PROTECTIVE CLOSURE SYSTEMS FOR SHELTERS

10-6. General tures which contain explosive operations. For shelters

mner a. If it were practical to build protective shelters where nonhaz.ardous operations take place, the number U
without openings, such structures would be considerably openings m ybe reduced bot inas ize and nuher.

e simplified, and the protection level of the shelters would is recommended that at least one unit (22 inches)
ad gt be controlled only by the integrity of the structural of access and egress width be provided for every 200

tshell and the ability of the interior components to with- shelter occupants. Each single opening should be 24
on stand the ability of tr e intior one opeith- inches in width, and at least two openings should be

Le abil stand the effects of structure motions. Once openings provided in larger shelter areas.
pts ressures, theat dust, f s toi gase ou d. If siting analysis indicates that a potential eyplo-

dpressures, heat, dust, fragment, sive hazard i more probable from one direcon, the
eat, d the openings into the interior must be considered and entrance should be oriented to minimize the blast loads, (appropriate preventive measures taken.

nt b. Since it is necessary that protective shelters be imposed on the blast door. If the explosion is equally
pre constructed with entrances and exits for access of per- probable in all directions, it is possible to design a

itis sonnel and equipment, and provided with a source of layout whic,' will minimize the effects on the door.
with outside fresh air for ventilation, cooling, and combustion The preferred solution is an opening facing away from
equi equipment, it is evident that openings to the exterior the detonation or parallel to the direction of the blast
h air equipent Se nt openings to the exterior propagation. An entrance parallel to the shock frontit ~~~~~~are required. Such openings may be divided into two istelateirb.Atnio mutlobegvno

is broad classifications: those which are open only inter- is the least desirable, Attention must also be given to
Su mittently to allow for the entrance of personnel and the possibility of entrance blockage by blast debris.

ificati Blockage by debris is of particular interest in the design0 all ~~~~equipment, and tlose which remain open continuously oftseacliswhrrcvryferaexoieo ll for ventilation, except during the passage of the blast of those facilities where recovery after an explosive

d wave and during possible pre-shot and post-shot "but- event may be delayed for a significant length of time
Jon, won u riods, by subsequent explosions, fires, blockage of roads, etc.
lurin. ton up" periods. Here, the occupants must be capable of leaving the

isod. c. Blast closure systems consist of devices or stiuc- shelter witho it outside assistance.
closu tural elementer which Th otect access or ventilation open- e. In addition to providing shielding for exterior
nts w ings of a shelter. The general terms used in the manual openings into shelters, blast doors can also be used to
eter. are blast doors and blast valves or shields which pertain separate one or more areas within a structure. A blastSato access openings and ventilatien openings, respec- door may act as the closure system for openings be-

)peni tween two adjoining cells or as the closures of entrances

10-7. Blast Doors into one or more cells from passage ways. Also, interior
blast doors serve as the inner blast shield of blast locks.

ast a. In protective structures, blast doors may be used Such locks consist of two blast doors (arranged so as

tecti to provide shielding against fragments, fire, heat, dust, to form a lock or chamber with the doors) interlocked
tie gas, and smoke, in addition to blast protection. Some either electrically and/or mechanically so that only onen 1ie, reel blast leakage past the door and buildup of pressure of the doors may be open at any one time. Blast locks

okp, ree- within the shelter may be permitted even where person- are desirable for continuously-manned, explosive- hand-
iie ells, nel are exposed. if the final interior pressure level does ling operations or where frequent passage between two

osed, and not exceed acceptable limits, areas (one area containing a potential explosicn and

acce plo- b. Entrance openings should be kept as small and the other a shelter) is required. An exampie of this
all. few in number as possible to minimize shielding prob- latter situLation is the facility which contains both anee a lems, but not less than that required for operational test cell where periodic x-raying or other checking of

nohr ted, and/or emergency access and egress. The Safety Manual explosive materials is accomplished, and an operational
not I tely requires that at least one exit be provided for a small shelter containing the personnel performing the tests.wmn t ehs operating cubicle area whose occupancy is not more f. For low blast pressures and for those cases where

at A hose than two persons. Larger ope-ating rooms or buildings primary or post-failure fragment-shielding requirements
require at least two exits, and, when more than eight are not high, solid wood doors, metal-clad wood-core

lest ned, persons occupy the same area, one additional exit for doors, and hollow-metal doors may be used. As theles a- each five additional persons must be provided. If pos- blast requirements increase, steel and concrete doors ofy ti c lhe sible, exits should be located at opposite sides of the various construction are required. Concrete doors or
area, equally spaced about the perimeter of the building, steel do.rs filled with concrete, sand, or other material

sho, and with no occupant more than 25 feet from the niar- are effective for combined blast and fragment shielding.
lysp est exit. Also, each exit opening should be at least The type o•f door used will be a function of the design W
0 oce 30 inches in width. requirements. Personnel doors have been designed and
1 11-3, c. The above recommendations apply to those struc- tested Rt peak pressures up to several hundred pounds
I wi
bovef
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per square inch for long duration loads and would sus- ments and are reflected in the cost of the operating
tain even higher blast loads for the shorter duration machinery. Operating mechanisms can be mechanical,

loads associated with high-explosive detonations. hydraulic, or compressed-air types with an appropriate
3g. Large doors may require operat~ing mechanisms power source. Provision for mbnual operation should

W for opening and closing the doors. The time limits set always be provided. In most cases, it is feasible for

for opening and cloging determine the power require- personnel doors to be manually operated.
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ribed h. Examples of steel, concrete, and composite doors their supports if large deflections are permitted, it is
Figurt are described below: recommended that the design criteria for concrete doors
plate (1) Figure 10-14 illustrates typical solid and built- limit support rotations to less than 5 degrees.
rietcti up steel plate doors. The solid plate door is the simplest (2) Stiffened plates, multiple-welded beams, plates,
e of d( in construction, but may result in a very heavy door. and beams, and double-plate doors (fig. 10-14) provide

a desig This type of door may be used to seal openings in those doors which are lighter for the name blast pressure than
elements designed for the blast effects associated with a solid-plate door. Because of the need for welding and

ing an( the high-pressure design range. The steel plate is capable other undesirable features, the use of built-up units is
d by t of resisting and transferring the high local shear stresses not recommended for those doors designed to resist the
I door, produced by the non-uniform blast loads. In addition to close-in effects resulting from a detonation.
D resist the steel door, laced reinforced concrete doors are also (3) Figures 10-15 through 10-18 depict fiat, solid,

auseful to resist close-in blast effects. Lacing details for and built-up steel-plate doors which have been testedthese doors are similar to those for concrete walls. and successfully resisted the long duration blast effects
%t the Because blast doors are usually not restrained from of a nuclear explosion. A heavy solid plate, bank-vault

sliding at their supports and may be disengaged from type door is shown in figurc 10-15. The multiple-welded-

r

of the operating
an be mechanical,
ith an appropriate

operation should
it is feasible for

ted. Fipr, 10-10. Vo.uL4 pe door.
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are peak incibeam door in figure 10-16 is hinged at the bottom and not usually time consuming; however, the detailing of designed to rc
opens in a manner similar to that of a drawbridge, associated mechanisms, such as hinges, reversal mech- these inciden
Figure 10-17 illustrates a welded door composed of T- anisms, seals, etc., may require a considerable design for closures

sections and channels. The reinforced airtight door effort to insure proper operation of the door before, explosion as
shown in figure 10-18 is an adaptation of a door used during, and after an explosion. Standard blast-door directions froi
to close off compartments within a ship. designs (table 10-1) have been prepared which will

(4) Arch (fig. 10-19) and dome plates provide the significantly reduce the amount of engineering required 10-8. Bla0
lightest doors for a given blast pressure. The tension for blast-door design. These standard designs, which a. In most
arch door requires compression ties to develop the comn- were prepared for the Department of the Army, have requirements
pression reactions for the arch and to prevent the door been developed for use in structures designed to resist
from being blown through the opening. The compression the effects of nuclear events (megaton detonations)
arch requires a tension tie plate to develop the reactions and they are directly applicable for use in structures
and to prevent large distortions in the door that may designed for the low-pressure range where long duration
bind it in place. Similarly, the dome plate doors also blast loads are encountered. For the high- and inter-
require a tension ring or ties. However, these ties may mediate-pressure design ranges where the load durations
be eliminated if reliable buttresses are provided. Figure are relatively short, these doors may have reserve
10-20 shows an example of a tension arch blast door, strength above that indicated in table 10-1. Therefore,
and figure 10-21 shows an escape-hatch, dome-plate these designs will require further analyses to determine
blast door, both of which were tested with long-duration the ultimate capacity of a particular blast door for its
blast loads, particular blast environment.(5) Design of the basic portions of a blast door is (6) The pressure levels indicatad in table 10-1

I I

Figtre 10-16. Wekled-bwm door.

10-10 /
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are peak incident pressures. However, the doors were by direct connection to the exterior, In some special
1ing of designed to resist the reflected pressures associated with instairces, the air is cooled, purified, and replenished
d mech- these incident pressures and, therefore, may be used with oxygen within the shelter itselt, thereby elimina-

bdesign for closures of building openings facing towards the ting the need for ventilation openings and the associated
atbefore, explosion as well as for openings facing in the other problems. Such a solution is usually very expensive and I
iat-door directions from the pressure source. impractical for the average shelter for extended stay

rich will times. To provide protection for a shelter's contents
,required 10w-S, Blast Valves and Shield from the exterior blast pressure, either the sizes of air

y, have a. In most designs for prote&etive shelters, the air intake and exhaust openings must be restricted to those

to resist requirements for personnel and equipment are provided size openings which will limit pressure buildup within

nations)
ructures
duration
d inter-
urations
reserve

herefore,
etermine
r for its

le 10-1

S

4

4'A

Figure 10-17. BuilR-up stel dor.
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the shelter to lesn than that, which will result in diunage b. For short duration blast waves, devicm4 such as
(or injury) to the building contents, or the openings baffles, mufflers, etc., which restrict the openings and

!i must be sealed with blast valvcs or other protective retard the passage of the blast, arn partially effectiveclosure devices. Because an internal leaktage pressure when used with plenums of adequate ,ize, For longer
of 5 psi (threshold premure for eardrum rupture) would duration blast wavei, and in shelters where normal
be produced by an external reflected blast pressuri of operational air requirements are small, sand filters may
85 psi resulting from an explosion of 25,000 pounds of be useful in the attenuation of the leakage pressures.
high explosives (fig. 10--22), a shelter containing person. On the other hand, if the air requiremnents are larger.
nel who are exposed to this pressure level and which a more automatic protection system is required and
has an access opening to volume ratio of 0.00444 would can be accomplished by using either remote-actuated
require blast closures. vwlves with flash, pressure, or thermal radiation sensoys,

L -. . ..
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tgipre 10-18. Airtight door.
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Figure 10-19. Sieel-arsch doors.
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Figure 10-It). Teftsion-arch door,
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Table 10-1. Etaedard Drawings fr Blast Doors tion are also available. The pres•ture sensing device is
Door tvl P - ige ____ .--- placed on a circumference at a predetermined radius

_ _IPre l Standard deiAnm** from the valve (closer to ground zero) in order to corn-Door type level* (ftQ

le~tian Pei)Drawing No W No. pensate for time delays of electrical and mechani 'cal
control equipment and to permit valve closure before

Pedestrian 25 60-12-06 the blast arrives. Thermal sensors are designed to detect
50 3-•,4X7 60-12-07 60-12-06-00 the characteristic pulse emitted by an explosion to

100 60-12-08 prevent actuation by other sources such as lightning,

25 60-12-09 fires, etc., which may occur with flash sensors.
50 6X7 60-12-10 60-12-09-60 e. Arrival time for various peak blast pressures is

kicular 100 60-12-11 given in figure 10-23 for unconfined surface bursts. It
.. . .is seen that with remote-ac'uated valves, a closing time

Ve0icularX25 60-12-12 6of less than about 20 milliseconds (approximate mini-.50 8X8 60-12-13 60-12-12-60

100 60-12-14 mumn closure time of available remote-actuated valves)
_...... ... is acceptable fe- an incident pressure level of 25 psi

25 60-12-15 for an explosion of 1,000 pounds or larger. However,
50 12 X 12 60-12-16 60-12-15-60 for smaller weight charges and/or higher pressures for

100 60-12-17 the same size explosion, this closing time would be

25 60-12-18 inadequate. For the latter situation, a delay in the ar-
50 14 x 18 60-12-19 60-12-18-60 rival of the blast at the valve would have to be designed

tch 100 60-12-20 into the system. This may be accomplished by locating
. - the ventilation inlet (fig. 10-24) at a sufficient distance

A Hatch 25 60-12-21 L from the blast valve such that the combined travel.50 3 X3 6i0-12-22 60-12-21-60

100 f0-12-23 time of the blast wave from the explosion to the inlet
e_ ..... . ..-. _ and back to the valve will be longer than the closing

Service Access 25 60-12-24 time for the valve after it is actuated. Figure 10-24
S.50 2-4X4 60-12-25 60-12-24-60 illustrates this method of delaying the blast arrival at

inciden 60-12-26 the valve. After the blast wave passes the shelter and
*nvident pressure -.pseity (long- d -- reaches the inlet, it will propagate down the air intakeS• Incidenot p~resure rapaeity (tonqg duration), and return to the shelter with the blast prsueentering

Available to gauthorized persons from Offire of Chief of Engineers pressure
(ENGMC-EM). the plenum chamber after the valves have been actu-

yuiated. The pressure in the plenum will be significantly
st pre, or by using blast-actuated valves (depending on the less than that initially applied to the shelter shell. As
umes( blast pressure required to close them). Where large a result of the blast effects, the air intake hood and

Svolumes of air must be handled during normal operation, screen may be severely damaged or demolished, but
g condi positive closures are needed which, under normal opera- this should not affect subsequent operation. A debris
ese ob. ting conditions, do not, unduly obstruct the air passage. pit will enable foreign matter, which may enter during

Syste These oltstructions would increase pressure losses in the blast, to be deposited below the horizontal run of
*uireme the system, thereby increasing the ventilation power the intake duct. The plenum will enable the valves to
-rating rqieet hcpwritk h iltetrequirem-ents whih, in turn, would result in higher be serviced and replaced without difficulty and may

If it operating costs. also alter the shock rise time, resulting in less severe
be do c. If it can be assumed that the ventilation system loading condition for the valves.

i kept can be closed off prior to the occurrence of an explosion f. Self-acting blast-actuated valves, which close
lativel and kept closed until there is no danger of further blast, under the action of the blast pressure, overcome some

a steel a relatively simple structural closure (blast shield), such of the disadvantages described above and present other
rly us as a steel plate, can be utilized. Blast shields are partic- factors to be considered. Since the valves are closed by
uld be ularly useful for closure of exterior openings which pressure, they are not dependent upon sensing devices
ilities, would be opened only periodically, such as maintenance for operatio L. They can be automatically reopened after
structi facilities, where the release of toxic fumes from within passage of the positive phase or latched closed during

1. Reni the structure is required, the negative phase if this is req~uired. DoublL-acting
sing dI d. Remote-actuated valves are dependent on external valves automatically seal the opening during the nega-
I close sensing devices which trigger the closure mechanism tive phase. Since blast-actuated valves are closed by
tuating and close the valve beforv arrival of the blast wave. the blast, there is an inheren.t leakage problem to be
etot Actuating devices have been developed that are sensi- considered due to the finite closing time. Although this

tive to the blast pressure of an explosion and react is in the order of milliseconds for most valves, sufficient
uating electrically to trigger protective closure systems. Other flow to cause damage may pass the port openings for

actuating devices sensitive to flash and thermal radia- certain valve designs wtid pressure k•vels. Effectiveness

C�\ 10-13
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Figure 10-2.3. Peak i-rident pressure vs. lime of arrival (surface burst).

of closing at both high- and low-pressure ranges must air flows,multiple detonation capability, durability, and

be checked. The amount of blast entering depeids on easy maintenance.

the closing time of the valve which, in turn, deperds h. Although instantaneous closure is not physically

on the mass of the moving parts, disk diameter, and possible, the closing time can be reduced sufficiently to reaches the ir

the distribution of pressures on both faces of the disk. reduce the leakage to insignificant values. This may be ure 10-25. A

g. Ideally, a blast-actuated valve should possess the accomplished by increasing the activating pressure- entrance is If

following characteristics: instantaneous closure or no force-to-moving-mass ratio, decreasing the length of The length o

leakage beyond the valve during and after closuie, no travel, permitting no deceleration during closure, and depends on t

rebound of moving parts, equal efficiency at all pressures other methods. velocity of th

below the design pressure, operational and structural i. A blast-actuated valve can be made completely duct, an expe

reliability, minimum of moving parts, low-pressure drop blast-tight by extending the blast travel path suffi- blast. With t

through the valve at normal ventilation or combustion ciently to allow the valve to close before the blast will enter th

10-14 1



i 46 6

tto

IJ T

40,4

-I

nd

Ily
to reaches the interior, ms illustrated schematically in fig- traveling throughi the delay path. An exhaust duct will
be ure 10-25. As shown, the blast path to the facility operate in reverse menner. In adidition to providing

entrance is lengthened by increasing the duct length. a delay path for the shock wave, the long duct and cx-ie inte of The length of duct required to insure positive closure pansion chamber may be used to attenuate the shocki. As nd depends on the closing time of the valve and on the in its passage to the facility,
is len velocity of the shock wave. As an alternate to the long j. By proper selection of the plenum chamber size,Ihofd ly duce, an exparsion chamber may be used to delay the the maximum leakage pressures will be reduced to toler-

-n the blast. With this arrangement, normal ventilation flow able limits before the flow enters the facility proper
d the t will enter the facility through the blast valve after (fig. 10-24). Plenum chambers should be designed to
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avoid a buildup of interior pressure which would impede tion systems to close off air-intake and exhaust openings. ..A
closing of the valve. The ratio of the area of the chamber and thereby prevent or limit the entrance of blatt pres-

cross section to that of the valve outlet should be pref- sures. One example is the use of reinforced, opposing
erably greater than 4: 1 so as to diffuse leakage flow as blade dampers which are closed by a hydraulic mech-
quickly as possible. A chamber which has the prescribed anisnm when triggered by a remote sensor. During nor-

S11"VI necessary volume but has little change in area would real operation, these dampers perform their conven- Offic(

act like a tunnel wherein entering pressures would tional function of regulating the flow of air through
encounter little attenuation in the length provided, the ventilation system.

k. Various blast valves have been developed during o. Where blast resistant closures are not required to Office
the past 15 years. For present designs, air flow rates prevent pressure buildup within a shelter, conventional
from about 300 cfm to 35,000 cfm can be obtained, air distribution louvers are used to seal the interior of
Some valve designs are available in more than one size. the shelter from the elements. In this situation, provi- Bureat

The pressure loss across the valve at the rated air flow sions must be made to insure that the interior of the
is in r'ost cases less than I inch of water, structure is protected from debris resulting from the Moeler

1. The maximum incident pressure capability of avail- failure of the conventional closure due to the blast
able valves is above 50 psi and generally at least 100 effects. One method of accomplishing the required pro-
psi. For shelter purposes, these valves may be over- tection is by offsetting the opening from the closure by Jnm a

designed since the protection level for many shelters means of a blast-resistant duct or tunnel, the design
will be less than 50 psi. Except for cost factors, using of which would prevent propagation of the debris to
a 100-psi valve for a 10-psi shelter design should not the shelter. Also, where exterior openings are connected
necessarily present technical problems since a valve to interior air distribution system ducts, provisions Techn

must operate at all pressures below the maximum design should be made to prevent pressure buildup in the Ameri
level. ducts. A hinged door in the duct immediately adjacent

m. The best type of actuation (blast or remote) to the opening, which is capable of being opened by %ho,

depends partly on the design pressure as previously the blast, will provide access for the pressures from the
discussed with regard to reaction time and operational ducts to the interior of the atructure. This leakage Suffiel
considerations. For long arrival times (low pressure), pressure should be held to a minimum.
a remote-actuated device can close the valve before p. Typical available blast-valve designs are given in New!
the blast arrival whereas leakage may occur for a blast- table 10-2, Also tabulated are methods of actuating the
actuated valve. At a high pressure (short arrival time), valves, blast pressure capacity, closing time, air flow
the closing time for the remote-actuated valve may be rates, and methods of testing. Pertinent publications and

longer than the arrival time. test reports which contain other information pertaining
n. At low pressures in the order of several psi, it is to the individual valves are contained in the Bibliog- Artos

feasible to adapt conventional components of ventila- raphy.
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Section V. PROTECTION AGAINST STRUCTURE MOTIONS

10-9. Structure Motions may be neglected. However, a brief discussion is pre-
-9. Ssented below to familiarize the reader with the mechn-

a. Gen.wral. Motions of the structures (usually one- nis9m by which ground motions occur.
G ?or two-story buildings) considered in this manual mray b. Ground Shock Motioni.

tosobe, classified as: (1) those motions which are induced (1) Ground motions associated with large high-
cl~qfiby the motion oif the ground below the structure as a explosive detonations are considered to be induced by
them(result of ground shock and (2) motions caused by the two distinct processes, air-induced ground shock, and

Atofgtransient effects of the air-induced shock wave prop- direct-transmitted ground shock. Both vertical anid hor-

ansient agating across the strueture. Except for very large izontal ground motions are usually associated with
atngaquantities of explosives (above the upper limit consid- ground shock, with the vertical motions generally being

antities ered in this manual), the motions produced by the the larger of the two.
ýd in tIl ground shock will usually be small in comparison to (2) The air-induced shock is caiised by the blast
o~und Ah the motions produced by the blast loads, and therefore wave traveling over the ground surface and generating
e xnotioi

Table 10-2. Blast Valves

Blast characteristics
Name of valve Type ___________ Air flow rates Tested

(Actua~ted) dor)
Pressure (Psi) Closing tilne (m~)

U.S. Army Chemical Corps M-1 Blast. 100 300 Field

S. Army haust openings- ________-

e of blast pres- U.S. Army Chemical Corps E191111 Blast 50 600 Shock tube and
.S. Army reed, opposing - ~ field

draulic mech- 12-o Blast 100 600
r. During nor-
their conven- Office of Civil D)efense 160 and 50 50 1,200 Field

ffie of Ci of air through
24-0 remote 50 2,500

lo~t required to Office of Corps of Engineers Blast and 20 5,000 Shock tube

ifice of C r, conventional remot e
the inlterior Uf Buea of Yards_ an Dcs emt 50 ,00t

~ieuf tuation, provi- Bueuo ad n ok eoe50220t30,000
iraof interior of the -___ .-- ______---.-.-

____- Iting from the Mosler Safe Company Blast 100 550 Shock tube

Iosler Saf e to the blast--- ----- -*-- -_______-__-

required pro- 4'0 1.'

th lsr yJ~rn and Plat 810 280 600 Field
am and el, the design

the debris to 14'# 1,750
are connected --- ----- ---

cts, provisions Technical Facilities WS-107 A2 Remote 35,000

-_____al uildup in the American Machine Foundry Blast 100 80
- -riai iately adjacent _______ ___. -- ___ ___

imrcn ing opened by Cohen-Ammann & Whitney Blast and
'oheot-A ssures from the remote

This leakage 8fil xeietlSain
SufildExermntl taiosBlast 4 to20

~ufed~ ns are given in New Naval Civil Engr. Lab. Brechmoridge 100 6W0

New Nay f actuating the __

time, air Plow Bayles-Denny Blast 5 5to 100 180 Compressed air

ublcaios ndStephenson 5 te 104 I125
tion pertaining -_ __I--.-

in the Bibliog- Artos Machinery Co. (Sand Filled) Blast 10300 Field

Artos Ma __________ _ 00___ I_________________
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stress waves into the ground which create the ground ports are designed for the equipment tolerance and the plus dy
motions. The characteristics of air-blast waves are a above intensities of the input. The above procedure can and rel
function of charge weight, height of burst, and distance also be used for equipment which is rigidly attached e. T1
from the explosion. Also affecting the magnitude of to flexible interior elements, On the other hand, if the ciated
these motions are the geological conditions including equipment is separated from a flexible interior element of 2 fec
type of soil and depth below the surface. by an isolation system, then the total system (both the in most

(3) The direct-transmitted ground shock is a trans- element and isolation system) must be considered in becausi
mission of energy into the ground in the immediate the analysis to determine the motion of the equipment. mainta
vicinity of the explosion where it is then dispersed to Interior elements usually can be designed for the motion resultir
areas of lower pressure level directly through the associated with the overall movement of the structure. increas
ground. The direct ground shock is usually of major the reli
importance only in very high-pressure regions and there- 10-10. Isolation Systems tions w
fore would be of more importance with the effects of Beam v
close-in detonations. However, because the weight of a. Design of shelters to provide protection for per- motion
the explosive involved in the design of structures for sonnel and/or equipment may require the use of flexible for disl
the high-pressure design range is relatively small, the support systems to attenuate to tolerable levels the can be
effects produced by direct-transmitted shock on the high accelerations associated with the structure motions. inches.
foundation of the structure will be significantly less Effective methods of accomplishing this are: (1) a corn- 24 incl
than that produced by the blast loads on the exposed bination platform and spring support system and (2) springs
structure. individual spring mounts. The former is usually em- f. TI

c. Motions Due to Blast Loads. ployed when a number of pieces of equipment require consist
(1) As the blast wave propagates across a struc- isolation and/or when personnel are to be protected, steel g

ture, relatively large unbalanced blast loads are pro- while the second method is used for the isolation of materie

duced which cause either side sway motions or sliding individual pieces of equipment. two oar

of the structure in the horizontal direction and gross b. In most cases, isolated platforms will have to be

vertical displacement of the structure as a result of the low-frequency systems in the order of 2 or 3 cps or less
blast loads acting on the roof in combination with the for personnel protection and slightly higher for protec-
soil displacement below the structure. Also, local dis- tion of equipment. Frequencies of these magnitudes
placements of the individual elements occur. Evaluation usually require flexible systems for horizontal motions
of these motions is required in order that protection for of most protective structures and for the larger vertical
the structure's contents can be achieved. motions associated with the ground shock effects pro-

(2) An estimate of the motions (velocities, acecler- duced by large explosions. Also, flexible systems may be

ations, and displacements) for individual elements can required for structure motions resulting from large rota-
be made from the equations of motion given in chapter tions of either individual elements or the entire struc-
5, whereas for the determination of the overall motions ture.
of a building, the applied blast loads and the inertial c. Two miethods are generally being used at this time
resistance of the building in addition to the interaction to produce the required flexibility, i.e., (1) pendulum
of the structure and the soil support must be considered. arrangements whereby the platforms are suspended
In the latter, the effects produced by the soil on sliding from spring supports which, in turn, are attached to the
and overturning of the structure must be included, roof or to the shell of the structure near the roof, andj Overall vertical motions of those structures located (2) base-mounted isolated platforms resting on spring

close-in to a detonation result primarily from the rota- supports which, in turn, are mounted on the base slab
tion effects, whereas horizontal motions usually are for vertical support and on the walls for horizontal

dependent upon both the sliding and side-sway action. support. The selection of the appropriate system for
(3) In order to determine the input necessary to use in a specific design is dependent upon the design

design eqlipment and their supports, a conservative criteria (protection category, pressure level, site condi-
estimate of the structure's motions can be made by tions, population, and amount of equipment and func-
adding the peak motions of the overall movement of tional requirement) in addition to being interrelated
the structure to those of the individual elements. How- with the required shape and dimensions of the structure.
ever, the possibility of the occurrence of resonance d. Several different types of springs are available
should also be considered. which lend themselves for use in isolation systems. They

(4) For equipment which is attached to elements consist of (1) air springs, (2) liquid springs, (3) conical

near their supports (e.g., floor dab near column and/or volute springs, (4) helical coil springs, and (5) beam
wall supports), the equipment can be considered to be springs. The use of any of these springs in a particular
subjected to the same intensities of the input motion system is governed by the magnitude and direction of
as that of the structure. If this equipment is mounted the accelerations and displacement associated with the
on flexible supports (isolation systems), then these sup- structure motions, platform size (total load: dead load

10-16
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'and the plus dynamic load), method of supporting the platform, building (population and equipment) and the shape of~dire can adrlaiiy
attachan and reliability. the shell. In most cases, the use of one-story platformsis dynal attached e. The use of air or liquid springs is generally asso- is the most efficient and economical arrangement forI reliabil id, if the ciated with large loads and displacements (in the order use in explosive handling facilities,

The u, element of 2 feet or more) and therefore is uneconomical for use g. Generally, pendulum-type support systems are
ted with both the in most facility designs considered in this manual. Also, used for the support of platforms. If base mounts are2 fect or dered in because the air and liquid springs require pumps to used, the large rocking effects resulting from the eceen-most fad uipment. maintain the pressure necessary to cushion the loads tricity of the platfoim load substantially increases the,ause thi e motion resulting from the structure motions, operational costs required spring capacity and probably increases ,ome-intain tl tructure, increase. Because of the possibility of pressure leakage, what the overall dimensions of the structure. Also,
ulting fr the reliability of these springs during emergency condi- addition of horizontal springs to insure against collapse
rease. 134 tions would be somewhat less than other spring systems, of the vertical springs may be required. In the case ofreliabili Beam and volute springs are useful when small structure the pendulum, the structure motions are applied firstns would for per- motions are encountered. Beam springs usually suffice to steel rods, each of which is attached to the shell ofm an f flexible for displacements of 1 or 2 inches while volute springs the structure at the upper end and to a vertical acting

otions, tcan be used for displacements in the order of 4 to 6 spring at the lower end. The spring, in turn, is attacheddisplace notions. inches. For larger displacements (up to approximately to the platform and thereby attenuates the verticalbe use ) a com- 24 inches), either compression or extension helical coil affects of the structure motions acting on the platform.hes. For and (2)
ihesFr ally c2- springs can be used (fig. 10-26). The effects of the horizontal motion are attenuated byinhe, r em f. The platforms used in protective shelters usually the pendulum action of the steel rods and the platform-ings can require consist of structural steel framing with deck plates, (hinge connections are provided at the top and bottom

r. The I otected, steel gratings, or some other commonly used flooring of each steel rod). Sufficient rattle space between theisist of ation of material. The interior steel structure may consist of one, support platform and the shell of the structure must
tele to be two or more stories, depending on the contents of the be provided to prevent impact of the platform against
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the walls. When the effects of the vertical motion are this illustration, the direction of thviý horizontal motion
small, then the vertical springs may be elniminated and of the structure is assumed to be predominantly in the
the rods attached directly to the platfonn, plane of the paper. If the blast load can occur from any

h. To illustrate this latter condition, consider the direction, then the design would have to consider hori- gra

hung ceiling of figure 10--27. The ceiling serves as the zontal structure motions in all directions. Subsequently, ant1

platform supporting the mechanical and electrical equip- the support arms would have to he designed to allow rial
ment (air ducts, piping, light fixtures, conduits, etc.) pendulumn action of the platform consistent with that face

and the steel angle supports serve a9s the pendulum of the applied blast loads. In this case, the use of univer-
arms. The angles are designed to permit yielding at sal joints for the connection of the support rods both strnt

their connection to the structure and thereby foran to the structure shell and the platform should he con- wrii

plqstic hinges required for the pendulum system. In sidered. (1ev
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10-11. Protecdiv Material, Clothing, and Re- the high-frequency horizontal and vertical motions pro-
srrizonta iotaioi stining D-vlces duced in these supports by the blas9t loads acting on the

11 mitly in tice walls, or by direct propagation of the high-frequency•011 1 occur from any a. The protective methods discussed in this para- motions to the interior floor slab by the blast loads
to consider hori- graph pertain primarily to the protection of personnel acting on exterior extensions of the slab.

a. r is. Subsequently, and izclude the use of (1) protective cushioning matc- e. The use of cushioning materials on floors will
graph (!esigned to allow rials (energy-absorbing padding placed on interior sur- remut in difficulties in most operating facilities where
a h i sistent with that faces of the structure), (2) protective clothing (helmets, large coiientrated loads are common. To illuitrate the
rials ( the use of univer- padding, torso girdles, and protective shoes), (3) re- effects of load concentration, none of the material avail-
faces ot ilpport, rods both straining devices (lap belts, shoulder belts, ankle and able are capable of resisting without damage the effects
addiiI n should be con- wrist restrainers, and secured seats), and (4) bracing prleuae capabe ofent hot laa ge thee hc

ldevices (handholds and protective railings). These de- produced by the concentrated loads produced by high-

wrist i vices can provide a degree of protection against injuries heeled shoes,
devices caused by impact loads. The method chosen would be f. A list of materials which may be useful for cush-

cs based on the degree of protection desired, the functional 1oning end their safe-impact velocities are given in table

caused requirements, and the cost. It may be desirable to use g.e several of these methods in a particular shelter. g. Helmets have been found obethe most efficient.

hoed b. Protese methioning aarteical r shelter. protective clothing used for protecting the head. Effi-
qir b r cient helmet designs incorporate a system that distrib-

requirei ~~~~~~tage of providing protection without relying on the inhemtdsgancroteaytmtatitib
several per in the shelter to perform relyionary utes the load over a large area of the skull and also in-

b). personin perform any precauionary eludes energy-absorbing materials. Load distribution is
task. Effective use of protective clothing requires an

tag element of control in assuring that the clothing is worn accomplished by using a hard shell suspended by pad-
task. E during normal operating conditions so that it will be ding or support webbing at, a distance of ' to • inch
clement effective during the emergency period. An important from the head. In a proper design, high local impact

ient advantage in using protective clothing is that the dual- forces are distributed over the entire side of the skull
during proth e clt hing the dual- to which the blow is applied. In addition to the head,
effectiv( gpurpose function of the shelter area during the nonemer- other are of the body can be padded to protect againstadvat.• gency period would not be affected. However, the cloth- ijre hc a eutfo mat uhiesa

ing may be cumbersome and uncomfortable during injuries which may result from impact. Such items as
purpose prolonged use. Restraining devices are only useful in hip pads and pads to protect the back and spinal column
gencythose facilities where continued movement by personnel are desirable. With impact or with high accelerations,
ing is not required and therefore will only be of limited the large gut mass may be displaced, resulting in rupture
prolong use in the operation of most explosive-handling facilities. of the lungs or liver and fracture of tho. vertebral col-
ise ra Bracing devices are used to provide supplementary pro- mn. By enclosing the abdomen in a rigid girdle, this
use nt r tection in conjunction with ore or more of the other danger of injury can be considerably reduced.

methods. h. As previously mentioned, restraining of personnel
Bracing c. Protective cushioning material can be used as within chairs is not usually practical for operationaltetomic rtetv sinn facilities. Hoeein some testing operations, the job

methol. energy absorbing padding to protect personnel from ofaties. However, ina miniium of motion
. Pro injuries caused by impact and may be used on most ofte operatr may require

potential impact surfaces such as walls, low ceilings, throughout the shelter. In this latter ease or similar
energy and situations, restraining devices may be of use. Seats to
injuries interior f including flat src as well which personnel are restrained must be rigidly attached

tei as corners and edges.poit d. Where protection against head injuries is of con-
and htcern, cushioning is required on flat impact surfaces Table 10-8. Safe Impact Velocitiie of the Human Head Usingd. WI where impact may occur at velocities greater than 10 Protective Cushioning Materials

cr W1 fps. Cushioning is also required to protect against injur- ttwere ii ies resulting from personnel falling over and striking a Cushionina aterial on Limit of safewh r ihard flat sutrface impact vlOcity

fps. Cus corner or edge. Although the properties of cushioning
es reu are quite different when used on a corner as compared 1-inch thick polystyrene foam: 15 ft/secto those of flat-surface cushioning, it has been shown 1% lb/cu ft.

corner o that if the backup material has a radius of curvature 2-inch thick polystyrene f6am: 18 ft/sec
are quit greater bhan 2 inckes, the impact effect is similar to that I Y lb/cu ft.
to those o t 2 Cuthe matefis si to talt 1-inch thick Ensolite* (polyvinyl 17 ft/sec
thatof a fat panel. Cushioning material on exterior walls chloride) 22266: 7 lb/cu ft.

greater t of protective structures will provide protection against 2-inch thick foam rubber: 6 lb/cu ft. 11 ft/sec

of a flat injuries which may be caused by compression waves 2-inch thick polyurethane foam: 16 ft/sec

of prote tronsiitted by the blast loads. Also, equipment which Formulation A.

inres is separated from floor slabs and other similar rigid

transmit supports by cushioning material will not respond to *Trade nme of United States Rubber Co., Miahawaka, Indiana.

is p 10-17
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to the floor and must be designed to sustain the full i. As an aid in preventing personnel from falling over,
acceleration loading applied by the personnel and the handholds may be used along the structure walls and
dead weight of the chair. Equipment which may be corridors. To prevent personnel from impacting with
used for restraining include lap belts, shoulder straps, the walls, protective railings may also be' used. These
chest straps, thigh straps, ankle and wrist restrainers, latter two methods Qf protection are only ýiseful when
and handholds. used in combination with other methods of protection.

Section VI. EARTH-COVERED STEEL-ARCH MAGAZINES

10-12. GeiimoI may provide definite advantages over other types of
standard magazines. Among these advantages are:

a. In recent years, certain types of earth-covered (i) Less real estate per magazine is required be.
steel-arch magazipes have been approved and standard- cause of the decreased intermagazine separations per-
ized for use by various government agencies involved mitted when. stee!-arch magazines are used.
with modern weapons and explosives. These magazines (2) An almost infinite number of storage situations

S.. . "i fT . . . .

IF I

-..... _______ _

__ _____ __._._J

~~2 I

0D'4.5WI/I DUL5WI'

HEADWALL exists
merel5

. REAR WALL and ti

- EDGE OF EARTH COVER usuall.

S.-.- EDGE OF STEEL ARCH less ro
Pitwv 10-28. Minmu•s magazineseparation distanc. b. I

T -II M

- -...-- ,..-.

S. . . . . . . . . :. .... . . . . • .,•,.,1• ,,,



over, W41AaK 1 ia

gWitt)I
'hene -

Whet) RC COiCWT1

eCtionm

pes oIf WAMAIALI.

rM: _ _ _ _

d he-
s per- ,i wEW ONCMTE

atioijs PLAN

WT1LAT01t

SLP HFIL EARWH FILL

-11MIL OOOA

SECTION A

pipume 10-s9. Tyvpical eargk-coeewvd dade-arch magazine.

exists because magazines can be decigned to any length in this manual, an earth-covered steel-arch magazine is
merely by varying the number of steel-arch sections not designed to resist the damaging effeets of its explod-

ists eca nd their widths can be increased up to 30 feet. ing contents. It is accepted that the magazine will be
i~tA bca(3) Steel-arch magazines can be more quickly and demolished if an internal explottion occurs. During such

Brely by usually more economically constructed. an incident, the inside of a large-span arch might exper-
A their (4) Because of the reduced separation distances, ienc* initial blast pressures considerably in excess of

(3) 8 less roads, fences, utilities, etc., are required. 10,000 psi. Lesm than 100 psi could lift the arch comn-
luaily 'in b. Unlike the other structures discussed elsewhere pletely out of the ground; therefore, the major portion

(4) B
3s roads,
b. Unlik
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of the protection is provided by the receiver magazines Front-to-front exposure has not been considered. As a a sm

rather than the donor magazine. result of full-scale tests, steel-arch magazines construc- apprcc. Although steel-arch magazines are utilized primar- ted in conformance with present, standard drawing,; of scalec

ily to prevent propagation of explosion, structures the cognizant construction agency can be sited in a imate
equivalent in strength to that described in paragraph cordance with the minimum separation formulae shown that

10-13 may be used for personnel protection and oper- in figure 10-28. any it

ating buildings if the requirements of the using service
warrant it. In s'ch cases, greater separation distances 10-15. Design
than those shown on figure 10-28 may he required for a. Protection of magazines adjacent to a donor mag-
protection of personnel from the blast or ground shock. azine is accomplished by combining the following fac- Table

Special applications such as this require evaluation of tors:
the entrance of blast pressures into the protected space, (1) The intensity of the pressure front moving
availability of easily damaged or lightly supported ac- from the donor magazine to receiver magazines dimin-
cessories which may become hazardous debris, trans- ishes rapidly as the distance traveled increases.
mission of shock to persons through the steel-arch walls (2) The earth cover over and around the donor
or floor, and overall movement of the magazine, magazine provides some confinement and tends to direc-

tionalize the explosive force both upward and outward
10-13. Description of Earth-Covered Steel. from the door end of the magazine.

Arch Magazine (3) The earth around and over receiver magazines

a. A typical earth-covered steel-arch magazine used resists fragment penetrations and provides mass to the

for storing explosives is illustrated in figure 10 29 and steel arch to resist the blast pressures.

has the following features: (4) The steel arch of receiver magazines is capable

(1) A semicircular corrugated steel arch forming of resisting blast loads considerably in excess of the

roof and sides, dead loads normally imposed on it.

(2) A reinforced concrete floor slab with curbs b. Design of the presently used steel-arch magazine

along the sides for attaching the steel arch. is essentially conventional except for two features, which

(3) A reinforced concrete rear wall that fits inside are doors and thickness of steel-arch plate. The doors

the arch. are designed to withstand the dynamic forces from an

(4) A reinforced concrete headwall that extends at explosion in a nearby magazine if the siting is in accord-

least 2J feet above the crown of the ardh. ance with figure 10-28. However, they provide almost

(5) Reinforced concrete wingwalls on either side no resistance to the effects of an explosion within the

of the headwall. The wingwalls may slope to the ground magazine. Also, the capacity of the doors to resist

or may adjoin wingwalls from adjacent magazines. The elastic rebound and negative phase pressures may be

wingwalls may be either monolithic or separated by less than their capacity to resist positive phase pres-

expansion joints from the headwall. sures. Therefore, where personnel are concerned, all

(6) Heavy steel doors in the headwall. doors should be analyzed to determine their ultimate

(7) An optional gravity ventilation system. capacity to resist all the loadings involved. The thick-

(8) Earth covering at least 2 feet thick at the ness of steel-arch plate is the same as the steel thickness

crown of the arch and covering the top, sides, and rear of the structures used in the full-scale tests that estab-
of the structure, lished magazine separation formulae. In general, it can

(9) Its own built-in lightning protection system, be said that the steel thickness is roughly that required

b. It should be noted that for a specified magazine to support approximately 25 feet of earth fill and that
width the clear interior height can be increased by the steel thickness increases with the span of the arch.

adjusting the height of the curbs along the sides of the Table 10-4 indicates the steel thicknesses specified for

magazine, various magazine widths.

10-14. Investigations Performed 10-16. Construction

Investigational work with earth-covered steel-arch mag- a. Effectiveness of earth-covered steel-arch maga-

azines has been concerned with the intrarelationships zines is largely determined by the quality of construe-

of magazine complexes for siting purposes. Numerous tion. A few of the construction details that could be

full-scale tests performed over a period of several years sources for problems in this type of structure are dis-

have established magazine separation formulae that cussed below.
will prevent magazine-to-magazine propagation of ex- b. Moisture proofing of any earth-covered structure

plosion. The arrangements which have been considered is usually difficult. This difficulty is increased with a

are magazines situated side-by-side, magazines situated steel-arch structure because of the many lineal feet of

back-to-front, and magazines situated back-to-back. joints available for introducing moisture. For example,

/
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considered. As a a small 14- by 25-foot steel-arch magazine contains c Earthfill material should be clean, cohesive, and

small I tgazines construe- approximately 190 feet of steel-plate edges that must be free from large stones. A minimum earth t-over of two
Ppproxin lilard drawings of sealed. A large 26- by 80-foot magazine contains approx- feet. must be maintained. Surface preparation of the fill
ealed. A I in be sited in ac- imately 1,050 feet of edges. A sealant tape must be useo is usually rquired to prevent erosion of the 2-foot
mately 1 i )n formulae showrn that will not deteriorate or excessively deform under cover. Restricting granular sizv of material reduces
hat willnyhatwill any anticipated environmental or structural condition. throwout of fragments in case of an accidental explosion

and creates a more uniform energy absorbent over the
top of the magazine.,t, to a donor mag- d. Lightning protection is rather ea~ily ob~tained in

i'able 10, the following fac- Table 10-4. Required Steel Thicknesses for Various Magazine a Lirh ptrct ions of stl- plate

Widths a steel-arch structure. All sections of steel-arcil plate
ire_ front_ moving must be interconnected so that they become electrically

Width of -agai-no steel thickness rrotivnd continuous. In effect, a "cage" is created about the
.magazines mmii- (f 0 magazine contents. Probably the most critical point,

d( increases. (iue No. Inehes for lightning protection is the optional ventilator stack
round the donor which projects above the surrounding earth cover.
,nd tends to direc- 14 or less 8 0,1644
ard and outward 16 7 0.1838 10-17. Standard Desigtn

18 5 0.2145
20 5 0.2145 Steel-arch structures for use as explosive storage or

Viver magazines 22 3 0.2451 operating buildings must be at least equivalent in
ides mass to the 24 3 0.2451 strength to those shown on Corps of Engineers Drawings

CS. 26 1 0.2758totoe oofngei .a n.
azines is capable 28 0.375 Nos. AW 33-15-63 (5 Mar 1963), AW 33-15-64 (10 May

of the 30 0.375 1963), AW 33-15-65 (10 Jan 1963), and thc Corps of
n excess ofEngineers standard specifications cited thereon.

el-arch magazine
o features, which
plate. The doors
'c forces from an
iting is in accord-

provide almost
osion within the

doors to resist
ressures may be
tive phase pres-
e concerned, all
e their ultimate
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n general, it can
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rth fill and that
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ses specified for

teel-arch maga-
ity of construe-
s that could be
ructure are dia-

vered structure
creamed with a
y lineal feet of

For example,

10-19

S , •1 l ll p • • l malml i ial [ ~i a~ai HI| m mmi• la • ~ lnl ll ! .. . • l:7 .Z! l -e



d.

d,

APPENDIX A d,

LIST OF SYMBOLS d.
di

a (1) acceleration (in./mr') C shear coefficient D
(2) depth of equivalent rectangular Cd shear coefficient for ultimate shear

stress block (in.) stress of one-way elements
A area (in.0) C/ post-failure fragment coefficient (IbL-
Ad area of diagonal bars at the support mi 4/in.s)

within a width b (in.') C'. peak reflected pressure coefficient at A.
A. area of openings (ft') angle of incidence a
A. area of tension reinforcement withii. C. shear coefficient for ultimate support Ds

a width b (in.') shear for one-way elcmcnts
A.' area of compression reinforcement C.o, shear coefficient for ultimate support DIF

within a width b (in.') shear in horizontal direction for 0

A., area of flexural reinforcement within two-way elements*
a width b in the horizontal direction y.v shear coefficient for ultimate support
on each face (in.')* shear in vertical direution for two- E.

A~v area of flexural reinforcement within way elements* E,
a width b in the vertical direction CD drag coefficient
on each face (in.')* CDq drag pressure (psi) f

A. total area of stir ups or lacing rein- Cpq. peak drag pressure (psi)
forcement in tension within a dis- Ca equivalent load factor
tance 8, or s8 and a width b. or C,, shear coefficient for ultimate shear hd,
bi (in.') stress in horizontal direction for

b (1) width of compression face of flex- two-way elements* f&
ural member (in.) CL leakage pressure coefficient

(2) width of concrete strip in which CW maximum snear coefficient
the direct shear stresses at the sup- C, impulse coefficient at deflection X.
ports are resisted by diagonal bars (psi-ms'/in.') fl

(in.)
b. width of concrete strip in which the , impulse coefficient at deflection X.

diagonal tension stresses are re- (psi-mn/in.')

sted by stirrups of area A, (i0.) CV shear coefficient for ultimate shear
bi width of concrete strip in which the stress in vertical direction for two-

diagonal tension stiases arm re- way elements* h
sisted by lacing of area A. (in.) C, (1) impulse coefficient at deflection

B (1) peak pressure of equivalent tri- X, (psi-men/in.') P
angular loading function (psi) (2) parameter defined in figure 8-4

(2) constant defined in paragraph C,' impulse coefficient at deflection Xm
4-22. (psi-nvO/in.) F.

c distance from the resultant applied d distance from extreme compression 7,
load to the axis of rotation (in.) fiber to oentroid of tension rein-

cr, C1, distance from the resultant applied forcement (in.) h
load to the axis of rotation for d' distance from extreme oompreaion If
sectors I and II, respectively (in.) fiber to oentroid of compression

dilatational velocity of concrete reinforeemet (in.)
(ft/see) d. distance between the oentroids of the

ne sto ad d wa•hb * softe at emd o ewymbah. O B. mob t6 M of T
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compression and tension reinforce- H. height of char above ground (ft)
ment (in.) scaled height of charge above ground

d. distance from support and equal to (ft/lb")
either d or d. (in,) H. height of structure (ft)

di inside cdiameter of cylindrical explo- ftr scaled height of triple point (ft/lb'l)
dive container (in.) i unit positive impulse (psi-me)

i da distance beteen center lines of ad- i- unit negative impulse (psi-mn)
jacent lacing bends measured nor- 11 sum of scaled unit blast impulse ca-
mal to flexural reinforcement (in.) pacity of receiver panel and scaled

d. diameter of steel core (in.) unit blast impulse attenuated
dl diameter of cylindrical portion of pri- through concrete and sand in a

mary fragment (in.) oomposite element (pei-rni/lb"11)
D (1) unit flexural rigidity (lb-ir.) 4 unit blast impulse (psi-me)

Itimate shear (2) location of shock front for mad- U scaled -iit blast impulse (psi-
( ents mum stress (ft) me/lb111)
oeficient (IbV- (3) minimum magazine separation I, total scaled unit blast impulse ca-

distance (ft) pacity of composite element (psi-
coefficient at D. nominal diameter of reinforcing bar ms/lbl')

(in.) r, scaled unit blast impulse capacity of

timate support Do equivalent loaded width of structure receiver panel of composite element

ements for non-planar wave fiont (ft) (psi-ma/lb•")

timate support DIF dynamic increase factor iu scaled unit blast impulse capacity of

direction for base of natural logarithms and equal donor panel of composite element
dto 2.71828 ... (psi-ms/lb"'l)

imate support (2E')" Gurney Energy Consftat (ft/eec) i unit excess blast impuke (psi-mn)

ection for two- IS modulus of elasticity of ooncrete (pri) , unit positive normal reflected impulse
E. modulus of elasticity of reinforcement (psi-mr)

(psi) 4 unit negative normal reflected im-
j unit external force (psi) pulse (psi-me)

si) I. static ultimate compressive strength i. unit positive incident impulas
of concrete at 28 days (psi) (pei-niz)

ultimate shear dynamic ultimate compressive i.- unit negative incident impulse

I direction for strength of c.increte (psi) (psi-ms)
d f&. dynamic design stress for reinforce- I moment of inertia (in.')

cient ment (psi) I, average of gross and cracked mo-
d cient AN dynamic ultimate stress of reinforce- ments of inertia of width b (in.4)

deflection x. ment (psi) I. moment of inertia of cracked concrete
d Ald dynamic yield stres of reinforcement section of width b (in.')

(psi) I. moment of inertia of gross concrete
d deflection XA f, static design stres for reinforcement section of width b (in.')

(a function of fl, f., and 9 (psi) mass moment of inertia (lb-nas-in.)
at ultimate shear to static ultimate stress of reinforcement j ratio of distance between oentroids of

rection !or two- (psi) compression and tension forces to
at nt at deflection h static yield stress of reinforcement the depth d

(psi) k constant defined in paragraph 8-5
at in figure 8-4F (1) total external force (lb1) K (1) unit stiffness (psi/in.)

(2) coefficient for moment of inertia (2) constant defined in paragragh 3-9
( t deflection X. of cracked concrete sotion K. elastic unit stiffness (psi/in.)

(2 F. force in the reinforcing bars (lbe) K., elasto-plastic unit stiffnes (psi/in.)
me compression Fi equivalent external force (lb.) Ki equivalent elastic unit stiffness

fo of tension rein- variable defined in table 4-3 (psi/in.)
h charge location parameter (ft) Kr, load factor

me compression H (1) span height (in.) Kzx load-mass factor
of compression (2) distance between reflecting sur- (&M). load-mas factor in the ultimate range

( face(s) and/or free edge(s) in ver- (&m)., load-zass factor in the post-ultimate
oentruids of the tical direction (ft) range

So. ino% mt.d of obsybl. *Um - a" s of smbol..
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KM mass factor pacity in vertical direction (in.- ArKa resistance factor lbs/tn,)* r,

K, factor defined in paragraph 5-2 n (1) modular ratio rep

KE kinetic energy (2) number of time intervals ro
charge location parameter (ft) N number of adjeent reflecting surfacs rep

1, spacing of same type of lacing bar N, number of primary fragments larger rl
(in.) than W,

L (1) span length (in.) except in chap- A. A, R
ter 4 (ft)* p reinforcement ratio equal to or-

(2) distance between reflecting sur- e ,I
face(s) and/or free edge(s) in hor- A 4.'
izontal direction (ft) p reinforcement ratio equal to -' o-' Ro

L, length of lacing bar required in dis- RA
tance st (in.) p& reinforcement ratio producing bal- RN

L. embedment length of reinforcing bars anced conditions at ultimate
(in.) strength RG

wave length of positive pressure phase p.i mean pressure in a partially vented Rr, Rr,
(ft) chamber (psi)

L,- wave length of negative pressure p.. peak mean pressure in a partially s.
phase (ft) vented chamber (psi)

Lo, Ld wave length of positive pressure phase PH reinforcement ratio in horizontal di-
at points b and d, respectively (ft) rection on each face* a

L/ total length of sector of element nor- Pr total reinforcement ratio equal to
mal to axis of rotation (in.) PH+PV

m unit mass (psi-ms'/in.) Pv reinforcement ratio in vertical direc- S
me average of the effective elastic and tion on each face*

plastic unit masses (psi-mr"/in.) P pressure (psi) SE
m, effective unit mass (psi-mal/in.) P- negative pressure (psi)
MV effective unit mass in the ultimate P, interior pressure within structure At

range (psi-ms'/in.) (psi) 9o
Mi" effective unit mass in the post-ulti- APi interior pressure increment (psi) e, t., if

mate range (psi-ms'/in.) Pf fictitious peak pressure (psi)
M (1) unit bending moment (in-lbs/in.) P. peak pressure (psi) to

(2) total mass (lb-ms'/in.) P, peak pos'tive normal reflected pres-
M, effective total mass (lb-ms'/in.) sure (psi)
M, ultimate unit resisting moment (in- Pr- peak negative normal reflected pres-

lbs/in.) sure (psi) id

Mo moment of concentrated loads about Pr, peak reflected pressure at angle of t.
line of rotation of sector (in.-lbs) incidence a (psi)

MA fragment distribution parameter P. positive incident pressure (psi) to
Mir equivalent total mass (lb-mn'/in.) P., P.. positive incident pressure at points
M•N ultimate unit negative moment ca- b and e, respectively (psi)

pacity in horizontal direction (in.- P. peak positive incident pressure (psi)
lbs/in.)' P,.- peak negative incident pressure (psi) 4/

i MRP ultimate unit positive moment ca- P, , P.. peak positive incident pressure at
pacity in horizontal direction (in.- points b, d, and s, respectively (psi) t 1-
lbs/in.)* q dynamic pressure (psi)

MN ultimate unit negative moment ca- q, q, dynamic pressure at points b and e, t4
pacity at supports (in.-lbs/in.) respectively (psi)

MP ultimate unit positive moment ca-
pacity at midspan (in.-bs/in.) 7A 9m peak dynamic pressure at points b

MVN ultimate unit negative moment ca- and e, respectively (psi) i,
pacity in vertical direction (in.- r (1) unit resistance (psi) tA
be' (2) radius of spherical TNT (density i; I~bs/in. )*

MVP ultimate unit positive moment ca,.equals 95 lb/ft'/charge (ft))
unit rebound resistance (psi)

Se R* .. ao. @4 *d of ymbok. $ an note
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,n (in.- Ar change in unit resistance (psi) T durationr of equivalent triangular
roelastic unit resistance (psi) loading function, (me)

r" elesto-plastic unit resistance (pei) T. thickness of concrete section (in.)
r" ultimate unit resistance (psi) s•? saled thickness of concrete section

surfaces rup post-ultimate unit resistance (psi) (ftlub"')
larger ri radius of hemispherical portion of pri- TN effective natural period of vibration

mary fragment (in.) (ms)
4. A.R(1) total internal resistance (Ibt) T. thickness of sand fill (in.)or (2) slant distance (ft) ,aeaed thickness of sand fill (ft/lb"')

RI distance traveled by primary frag- u (i) particle velocity (ft/ma)
' A,' merit (ft) (2) ductility ratioor ' RI radius of lacing bend (in.) UI ultimate flexvrat or anchorage bond IA

6d. RA normal distance (ft) stress (psi)
ng bal- RM equivalent total internal resistance U shock front velocity (ft/ms)
ltimate (lb.) v velocity (in./ms)

Re ground distance (ft) V4 instantaneous velocity at any time
vented R1 , Rjr total internal resistance of sectors I (in./ms)

and II, respectively (lb.) tb boundary velocity for primary frag-
artially 8, spacing of stirrups in the direction ments (ft/sec)

parallel to the longitudinal rein- VC ultimate shear stress permitted oi an
ntal di- forcement (in.) unreinforeed web (psi)

at spacing of lacing in the direction v/ maximum post-failure fragment ve-
ual to parallel to the longitudinal rein- locity (in./ms)

forcement (in.) vt (avg.) average post-failure fragment velocity
I direc- S height of front wall or one-half its (in./ms)

width, whichever is smaller (ft) 4 velocity at incipient failure deflection
SE strain energy (in./ms)
t time (ma) io initial velocity of primary fragment

tructure At time increment (ms) (ft/see)
any time (m3) V, residual velocity of primary fragment

si) 4, 1., if time of arrival of blast wave at points after perforation (ft/see)
b, a, and f, respectively (me) v. striking velocity of primary fragment

4 (1) clearing time for reflected pres- (ft/see)
ed pres- sures (ma) VU ultimate shear ,tress (psi)

(2) container thickness of explosive VW. ultimate shear stress at distance d.
pres- cha-ges (in.) from the vertical support (psi)*

id rise time (ms) v,,V ultimate shear stress at distance d.
ngle of 4, time at which maximum deflection from the horizontal support (psi)*

occurs (ms) V volume of partially vented chamber
i) 4 duration of positive phase of blast (ft')

t points pressure (ma) Vd ultimate direct shear capacity of the
duration of negative phase of blast concrete of width b (lbs)

re (psi) pressure (me) V':M shear at distaste d, from the vertical
re (psi) 4, fictitious positive phase pressure du- support on a unit width (lbs/in.)*
ure at ration (ma) Viv shear at distance d. from the hori-

ely (psi) 41- fictitious negative phase pressure du- zontal support on a unit width
ration (ma) (lbs/in.)'

b and e, 4 fictitious reflected pressure duration V. volume of structure (ft')
(ma) V. shear at the support on a unit width

L, time at which ultimate deflection oc- (lbs/in.)
points b curs (ma) Va., shear at the vertical support on a

4 time to reach yield (ms) unit width (lbs/in.) *
LA time of arrival of blast wave (ms) V.V shear at the horizontal support on a

(density it time at which partial failure occurs unit width (lbs/in.)*

(m) V., total shear on a width b (lb.)

* On mot at end of aymbola. * Of note at eCd of symb.
--kote at 0
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w weight density of concrete (lbs/ft') 0 (1) coefficient for determining elastic
W, weight density of sand (lbs/ft') and elasto-plastic resistances
SW charge weight (lbs) (2) particular support rotation agle
W, total weight of explosive containers (dog)

(Ibs) -, coefficient for determining elastic and
Wf weight of primary fragment (oz) elasto-plastic deflections
W. total weight of steel core (lbs) X inerease in support rotation angle
W.1, W., total weight of plates I and 2, re- after partial failure (deg)

spectively (Ibs) 6 support rotation angle (deg)
WS width of structure (ft) angular acceleration (rad/mst )
WD work done 0. maximum support rotation angleX yield line location in horizontal di.. (deg)

rection (in.)* OR horizontal rotation angle (deg)*
X deflection (in.) Ov vertical rotation angle (deg)*
X. any deflection (in.) Zo effective perimeter o; reinforcing barn
X. elastic deflection (in.) (in.)
X, elasto-plastic deflection (in.) ZM summation of moments (in..lbs)
Xf maximum penetration into concrete ZMN sum of the ultimate unit resisting

of armor-piercing fragments (in.) moments acting along the negative
X/ maximum penetration into concrete yield lines (in.-lbs)

of fragments other than armor- IMp sum of the ultimate unit resisting
piercing (in.) moments acting along the positive

X. maximum transient deflection (in.) yield lines (in.-lbs)
X, plastic deflection (in.) A ductility factor
X. maximum penetration into sand of V Poisson's ratio

armor-piercing fragments (in.) 0 (1) capacity reduction factor
X. ultimate deflection (in.) (2) bar diameter (in.)
Xs equivalent elastic deflection (iL.) free edge
!X, partial failure deflection (in.)
y yield line location in vertical direction simple support

(in.)*
Z scaled slant distaice (ft/lbI) 7 fixed support
ZA scaled normal distance (ft/Jb"/')
Zo scaled ground distance (ft/lbl/)
a (1) angle formed by the plane of XXRX either fixed, restrained, or simple sup-

stirrups, lacing, or diagonal rein- port
forcement and the plane of the
iongitudinal reinforcement (deg)

(2) angle of incidence of the pressure Note. This symbol was developed for two-way elements
which are used au walls. When roof slabs or other horizontalelements are under consideration, thin symbol will also be appli-

cable if the element is treated as being rotated into a vertical
0 See note at ene of symbols. position.
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GLOSSARY

Acceleration--The change of velocity as a function of time. Capaestj reduction factor--A safety factor utilized in design to
Acceptor explosive-The explosive charge which requires pro, insure against a shear failure in the structural element.

tection. See Receiver System, Caring (or container)--A metal covering which partially or D
Admitture-The addition of either chopped steel wire or nylon fully encloes an explosive.

fibers to reinforced concrete. Charge weight (or charge)
Ambient pressure-The atmospheric pressure acting at a given Actual-The total weight of an explosive including that D

altitude. See Daration• portion which is not involved in the detokation proces.
Angle of incidence-The angle formed by the line which defines Effecive--The weight of an explosive involved in the det- D

the normal distance between the piont of detonation and the onation process.
surface of a protective element and the line which defines the Equivaleni--The weight of a sphericai TNT chbrge (hem-
path oF shock propagatinn between the center of the explosion ispherical charge for surface bursts) which will produce
and any other point on the element. the same blast effects as the exploive under consideration.

Angle of obliquiit-The angle formed by the trajectory path of a Composite construction-Walls composed of two concrete panels
primary fragment and the surface of an element. (donor and receiver) separated by a sand-filled cavity.

AUenuagion--The decrerse in intensity of a blast wave as a result Cubi•/e-An area which is partially or fully enclosed by blast-
of absorption of energy. resistant wailih and roof. See Barrir.

Barricade-A mound, a single revetted barricade, or another Deilediton-
type of artificial or natural obstruction which provides pro- Elastic--The maximum deflection in the elastic range, that E(
tection at least equivalent to that of a mound. is, the defilection at the formation of the first yield line.

Barrier-A protective structure where one or more sides and/or Klasto-plastic-The deflection at the formation of the second
the roof are of frangibleconstruction or open to the atmosphere. yield line.
Barriers include operating buildings and magazines used in Equivalent maximum elastic-A fictitious deflection calcu-
explosive frcilities. lated in order to idealize the elastic and elasto-plastic

Blast door-A protective closure for personnel and/or vehicular portions of the resistance-deflection variation of an ele-
sacess or egress openings. ment's response.

Blast effeds (or blast output)-The blast pressures and impulse Large-The maximum deflection corresponding to a support
loads produced by an explosion. rotation angle of greater than five degrees.

Blast loads-The forces, associated with the pressure output, Limited-The maximum deflection corresponding to a sup-
acting on an element or structure. port rotation angle of five degrees or less.

Blast pressures-See Pressures. Maximum-The largest deflection sustained by an element.
Blast-resistant desig-The design of a protective structure to in the direction of and as a result of a given loading

resist the blast output, of an explosion, condition.
Blas shteld-A protective closure device for ventilation openings Partial failure-The deflection where one or more of the

consisting of structural steel plates and support angles, supports of a two-way element fail; all further flexural
Blast valve--A mechanical and electrical protective closure de- action conforms to that of a one-way element.

vice for ventilation openings. Plaitiec-The deflection at the formation of the last yield line.
Blast wave--A pulse of air in which the pressure increases sharply Ultimate-The deflection at incipient failure.

at the front, accompanied by winds, progagated continuously Defl ion--Rapid and violent burning.
from an explosion. See So Wave. Degroe of freedom-The number of independent displacement

Brittle mode-The response of a structural element wha-h is variables needed to completely specify the configuration of a
associated with fragments formed by partial or total failure. dynamic system.

Bundled bars-A groupirg together of several reinforcing bars Degree of protedion-A scale which is used to measure the re- NJ
at one or more locations. q4dred protection, in any one prolection category, relative to

Burit (See Unonfined Explosion) - the sensitivity of the receiver system.
Air-An explosion which is located at a distance away from Detonation (See xplosion)-

and above the protective structure so that ground re- Mass-Similar to a simultaneous detonation except that a
iections of the initial blast wave occur before the wave much larger quantity of explosives is involved.
arrives at the structure. Simultanoms-A detonation of separated quantities of

Free-air-An explosion which is located adjacent to and explosives or ammunition occurring so nearly at the same
above a protective structure so that no intermediate time that the effect on the surroundings is the same as if
amplification of the initial blast wave occurs between the the several quantities were not separated and were deto-
center of the explosion and the structure. lated eoi mems.0Surace--An explosion which is located on or cloes to the Diagonal bar--Reinforcing bare which are used to resist the high
ground surface so that the initial blast wave is amplified support shears In a structural element produced by high
at the point of detoastion due to ground reflections. intensity blast loads.
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Direct

surf, Direct spalling-The dynamic disengagement of the concrete classified as: a free-air burst, an air burst or a surface
coNNI surface of an element, resulting from a tension failure in the burst. &ec Burst.
anl concrete normal to its free surface, caused by shock premurea of Exploeirs (or hiAl-ezp/oive)-A chemical compound or mechani-

men. an impinging blast wave being transmitted through the ele- cal mixture which, when subjected to heat, friction, detonation
Donor mnnnt. See Scabbing. or other suitable initiation, undergoes a very rapid chemical
Donor Donor explori-e-.The explosive contained in the donor system, change with the evolution of large volumes of highly heated

whic Donor sostem-The portion of an explosion piotection system gawe which exert pressures in the surrounding medium.
Drag e which produces the damaging output. Ezploeive protection system--A storage or manufacturing facility

divi, Drag coetficien.--A coefficient which is equal to the drag pressure containing potentially explosive material, for which some
Shat divided by the dynamic pressure and is dependent upon the specified degree of protection against the effects of accidental

Drag I shape (or geometry) of the structure or element. explohons is pravided.
ture Drag loading (or drag prowture)-The forct on an object or strut- Fleurol reinforcementr-The reinforcing steel which is used to
blast ture due to the transient winds accompanying the passage of a resist the flexural stresses (compression or tension) developed
pres .d in design to blast wave. The drag pressure is the product of the dynamic in a reinforced concrete element.

Ducth Lement. pressure and the drag coefficient. Fragmntn shield-A device which is composed of steel plates or
char ch partially or Ductile mode-The response of a structural clement which is other mase material which can be attached to or placed a short
large characterized by the element's ability to attain relatively distance from a protective barrier and will provide protection

Ductih large inelastic deflectioas without complete collapse, for personnel or other portions of a receiver system from the
equi including that Ductility factor-The ratio of the mayimum deflection to the effects of primary and/or Lecondary fragments.

Durati onation process, equivalent maximum elastic deflection of an element. FrangiWe constructmon-Those elements of a protective structure
wav ved in the det- Duration- -The interval between the time of arri',al of the blast whose strength and mass are such as to minimize the amplifica-
blast wave at. a given location and the time for the magnitude of the tion of shock front and/or gas pressures produced by a partially
quest charge (hem- blast pressures to return to ambient pressure at the location in confined explosion.

Dynoa" ch will produce queation See Phase. Ground shock--
stre. ,r consideration. Dynamic increase factor--The ratio of the dynamic to static Air-induced-Ground motions induced by a blast wave

Dynam concrete panels stresses of a material, traveling over the ground surface and generating stress
kinet avity. Dynamic similarity-The requirement that the work done, waves into the ground.
syste closed by blast- kinetic energy, and strain energy of the equivalent dynamic Direct-4ransmiUed-Ground motions induced by a trans-
giver system must be identical, respectively, with those of the mission of energy into the ground in the immediate

Earth-.. given seructure. vicinity of the explosion where it is then dispersed to areas
mag tic range, that Earth-covered magazine (or igloo)-An arch-type, earth-covered of lower pressure level directly through the ground.

ee A first yield line. magazine which may be constructed of concrete, metal or wood. Haunc•--A concrete fillet between two inteniecting structural
Effectiv on of the second See Magazine. elements.

dom Effective mass-T he mass of an equivalent single-degree-of-free- Impulse--
elasti eflection calcu- dom system. The value of the effective mass differs for tht, Excest--The portion of the impulse resulting from the blast

Elastic d elasto-plastic elastic, elasto-plastic, and plastic ranges of behavior, wave which exceeds the flexural impulse capacity of the
defl ation (f an ele- Elastic range--The response range of an element in which its structural element.
load. deflections will esaentially return to zero after removal of the Total-The product. of the force from the blast wave of an

Elast ic ing to a support load. explosion and the time during which it acts on a structural
ring i Elastic rebound-The elastic displacement of an element occur- element. It is the integral with respect to time of the force,
resul rnding to a sup- ring in a direction oppostie from that of the blast load and as a the integration being between the time of arrival of the

to- byn tresult of the removal of the load. oblast wave and the time at which the force returns to zero

occu Elasto-pkistic range-The response range of an element which on the element.
a given loading cUnit-The product of the pressure from the blast wave of anlast , ' occurs after the formation of the first yield line but before theexlsoanthtiedrgwihitcsonatutrl

Elemen last yield line. explosion and the time during which it sets on a structural
or more of the le nt yil line, element. It is the area under the pressure-time curvewalls, further flexural Element (or member)--A component of a structure including between the time of arrival of the blast wave and the

Equival nt. walls, panels, slats or beams. time %i wiz;ch the pressure returns to zore on the el,-
of co he last yield line. Equivalent dynamic s~stem--A system which consits o' '. rumber ment. The pressure can be incident, reflected -or tynamic.
and of concentrated masses joined together by weightless springs Tmpulse capacity--The flexural impulse capacity (area under the
The. and subjected to concentrated loads which vary with time. resistance-time curve) of an element which responds in the
giver, nt displacement These concer.traoiad masses replace the distributed manses of a ductile mode is equal to the amount of blast impulse correspond-
struc nfiguration of a given structure in order to simplify the dynamic analysis of the ing to the kinetic energy, produced by the blast leads, which is

Explosi structure, numerically equal to the potential energy of the element
M neasure the re- Erp/muion (See D'tonation)- dtveloped during a specified respons- range. If the element

~ ory, relative to Multiple--Two or more explooowc whose iaiatiloa time is responds in the brittle mode, thcn the impulse capacity
such as to cause the blast effects of the various expiosions (momentum) of the poet-failure fragments must be added to the

Pa to be cumulative on the response of a structure. flexural impulse capacity of the element to obtain the total
S ,n except that a Parftially confned--An explosion occurring within or itmedi- impusle capacity.

ed. ately adjacent to a structure. In addition, partially con- Incpient failure--The point at which the ultimate deflection of a
quantities of fined explosions may be subdivided into fully vented cx- structural element is reached. Any further increlse in deflection

"arly at the same plosions where the pressures produced by the accumulation beyond this point results in total collapse.
is the same as if of gases from the explosion are quickly released, and Iahcbited building dis tance-The minimum permissible distance
and were deto- partially vented expkions where the gas acummulation used to separate an inhabited building aid an ammunition or

s will exert pressures in addition to those produced by the explosives location. An inhabited building denotes a building
U to resist the high shock pressures. or structure, other than an Gperating building or magasine,

uced by high Uncoflned-An explosion occurring exterior to a structure occupied in whole or part as a habitation for human beings.
such that the blet loads acting on the staucture may be Inkeior pressmur--The pressures from an explosion that are

.,.Iwy 1
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reflected and reinforced within a structure. The explosion is vibrating body completes one vibration in its fundarmental
located within a barrier-type structure and the blast pressures mode.
are amplified due to their multiple reflections by the structure Neutral auis--The lonitudinal section in a structural element
as a result of the proximity of the structure to the explosion, where zero bending strain, and therefore, zero stress exists.

Intraline distance-The minimum permissible distance used to Normal distance-The distance measured between tht center of
separate any two operating buildings and/or sites within an an explosion and a given location of the surface of an element. Primar
operating line, at least one of which contains or is designed to In this case, the plane of the element is perpendicular to the or ot
contain explosives. path of propagation of the blast wasv-. explk

.solation system--A flexible support system used to provide pro- Optimum reinforcement ratio-The ratio of the percentage of Propag,
tection for personnel and/or 3quipment against the effects of vertical reinforcement to that of the horizontal reinforcement plosi,
structural motions. An isolation system adtenuates to tolerable in a two-way element, which for a given total quantity of the
levels the high accelerations associated with these structural flexural reinforcement will provide the maximum impulse debri
motions, capacity to the element. struc

Kinetic energy-The energy an object or structural element has Partialfailure-The failure of one or more supports of a structural Protecth
by virtue of its motion which is translational and/or rotational. element resulting in a loss of strength and a reduction in the protf

Lacing reinforcement-Continuous, bent diagonal bars which tie resistance. This point denotes the deflertion after which all accel
together the straight flexural reinforcing bars on each face of further flexural action conforms to that of a one-way element. plosi
an element and thereby confine the intervening concrete. This Phase (See Duration) - Receive
system of lacing is absolutely necessary for elements designed Positive-A period which begins when the shock wave arrives recoi
to resist high, nonuniform blast loads as well as those designed to at a particular location and ends when the positive shock Receive
achieve large deflections. pressures reduce to the ambient pressure. whic

Load factor-The design factor by which the totai load applied Negative-A period which begins when the positive shock Reflecti
to a structural element is multiplied to obtain the equivalent pressures reduce to the ambient pressure and ends when corrc
concentrated load for the equivalent single-degree-of-freedom the negative shock pressures return to the ambient value. Resista
system. The load factor is numerically equal to the resistance Plane wave-A wave in which the pressures acting over the full who,
factor, height of the shock front are approximately equal. See Mach by t]

Load-mass facoto-The factor formed by combining two basic diem. Ei
equivalent design factors, that is, the mass factor divided by the Plastic hinge-A section in a concrete element where any addi-

load factor. tional rotation beyond a particular rotation (at yield stress) will El
Machfront-' See Mach Stem. not be accompanied by an increase in the moment capacity at
Mach stem--The shock front formed by the interaction of the the section. See Yield Line. Pc

incident and reflected shock fronts accompanying an air burst. Plastic range-The response of an element occurring after the
The Mach stem is aloo called the Mach front. See Triple Point. formation of the last yield line. Rf

Magazine--Any building or structure, except an operating Poisson's ratio-The ratio of the transverse to longitudinal strain
building, designed or specifically designated for the storage of occurring in an element. U
explosives, ammunition, or loaded ammunition components. Post-failure fragments-Concrete fragments formed upon failure

Mass--The weight of an object or structural element divided by of astruetural element, Resistt
the acceleration due to giavity. Post-uWtimate range-The response range occurring between an e

Mass factor--The design factor by which the total distributed partial and incipient failure of a two-way element,. valei
mass of a structural element is multiplied to obtain the equi- Potential energy-The strain energy which results from the is nu
valent lumped mass of the equivalent single-degree-of-freedom straining of an element produced by the blast loads; and which Safety
syntem. is numerically equal to the area under the resistance-deflection expl,

Mode of vibration-The vibratory deflection shape of an element curve, facil
produced by a specified loading. Pressures (or overpressures) - for s,

Modular ratio--The ratio of the modulus of elasticity of structural Dynamic-The air pressure which results from the mass air pass
steel to that of concrete. flow (or winds) behind the shock front of a blast wave. mag

Modulus of elasticity-The ratio of stress to strain in the elastic Incident-The pressure acting in the initial or incident blast Safety
range of response of an element. (or shock) wave from an explosion. factl

Moment of inertia--The summation of the second moment of the Leakage-The pressure produced by a partially confined tecti
area of an element about its neutral axis. The specific terms explosion within a structure which spills out onto the Scabbii
below are for reinforced concrete elements, exterior ground surface. aln V

Average-A numerical average of the magnitudes of the Reflectede-The total pressure which results instantaneously ,orr
gross and -racked moments of inertia, at the surface when a blast (or shock) wave traveling in reinl

Cracked-A summation of the second moment of the con- one medium strikes another medium. Separm
crete area, which rusiste the compression streses, and the Pressure design range-- expl
tranmformed area of the reinforcement, which resists the High-This design range is associated with these protective syst,
tensile stresae, about the neutral axis, structures and/or elements which are designed for high of p1

Gro#s--A summation of the second moment of the total intensity blast pressures whose durations are short in ShearI
"concrete area about the neutral axis. comparison to the response time of the structure. The Shelter

Momentum-The product of the mass and velocity of an object structure responds primarily to the impulse of the blast tyst.
or structural element. load. othfi

Multiple refedions.-The amplification of the bloat wave pres- Intermsdiate-This design range is associated with those Shock
sures, produced by a partially conftaed explosion, due to the protective structures and/or elements which are designed dist'
impact of the shock front on various interior surfaces of a struc- for pressures which are less than those of the high pressure and
ture. range, however, the durations of the pressures are in the cowo

Natural frequency-The number of vibrations in one second an order of the response time of the structure. The structure Shock
element completes in its fundamental mode of vibration, responds to the pressure-time history of the bloat load. way

Natural period of vibratioft-The time interval during which a Low-This design range is associated with those protective iart
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mental structures and/or elements which are designed for pres- an explosion. A shock wave in air is generally referred to as a

stru lt sures less than those of the intermediate range but whose blast wave, because it resembles and is acconipanied by strong,

sores 4ement durations are long in comparison to the response time of but trasient, winds. See Blast Wave.

durat exists, the structure. The structure responds primarily to the Slant distarxe--The distance measured between the center of an

t s ter of peak pressure of the blast load, explosion and a given locatton on the surface of an element. In

peak lement. Primary fragmeras-Fragments formed from casings, containers, this case, the plann ot the elenwrnt is other thaii perpendicular
'rimary fra to the or other metal objects located in the immediate vicinity of an to the path oi propagation of the blas wave.

or other , explosion. Spalling-See Direet Spalling or Scabbing.

explosion. tage of Propagution of explosion-The detonation of an acceptor ex- Stiffness-The slope of the resistance-deflectiun curve in a givwn
Iropagation cement plosive by; the blast pressures or primary frrg.;,tnt effects of range of response o" an element (elastic or elasto-plastic ranges).

plosive b) itity of the donor system, the motions of the structure, or the The equivalent elastic stiffness is defined as the slope of the
the donw impulse debris resulting from partial or total failure of either the resistance-deflection curve used to idealize the elastic and

debri.s re structure or its contents. elasto-plastic response ranges of the element.
structure luctural Protective structure-A structure which is designed to provide Stirrups-Web reinforcement used to resist excessive diagonal

'rotective w n in the protection for either personnel, valuable equipment and/or tension stresses in a rein;orced concrete element produced by
protectS(, hich all acceptor explosives against the damaging output of an ex- load intensities consistent with the intermediate or low pres-
accepter , lement. plosion of the donon charge. sure design ranges and where support rotations are equal to or
plosiot of ikeceiver senaitivity-The degree to which the components of the less than 2 degrees. See Lacing.

oreiver on, arrives receiver system are sensitive to the output of the donor system. Strain energy-see, Potential Energy.

r e shock Receiver system-The portion of a explosion protective systenm Structural motions--The motions of a structure casued by thereceiver 8,1p which requires protection, impact of the blast wave and/or the ground motions below the

which req e shock Reflection factor-Tha ratio of the peak reflected pressure to its structure.
•eflection a s when corresponding incident pressure. Support condition-The lype of support which exists at ends of

correspoit t value. Resistance-The sum of the internal forces in a structural element one-way elements and around the periphery of two-wayeistance --- the f till whose function is to resist movement of the mass produced elements.

whose f it e Mach by the blast loads. Fixed-Where there is complete resistance to both transla-
by the hlh Elastic-The resistance which is developed during the tion, perpendicular and parallel to the axis of the elenment,

Elastic y addi- elastic response range. and rotation.

elast ss) will Elasto-plastic-The resistance which is developed during the Free edge--Where there is no resistance to eithir translation,
Elasto- scity at elasto-plastic response range. perpendicular or parallel to the axis of the element, or toPI,50- Post-ultimate-The resistance which is developed during the rotation.

Post-ult fter the post-ultimate range. Restrained-Where there is complete resistance to transla-
post- Rebound- The resistance which is developed during the re- tion, perpendicular and parallel to the axis of the element,

Reboup I strain bound phase of response. but only partial resistance to rotation.

boun Ultimate-The resistance which is developed at the forma- Simple--Where there is complete resistance to translation,
Ultia,•, failure tionr of the last yield line. perpendicular and parallel to the axis of tho element, but

tios, t Resistance factor--The design factor by which the resistance of not to rotation. In special cases, such as, the design of
?esistane, aetween fn element is multiplicd to obtain the resistance of the equi- bla•t doors, translation parallel to the door's axis may be

an elemet valent single-degree-of-freedom system. The resistance factor permitted.
valent sit om the is numerically equal to the load factor. Support rotation--TIe angle formed at a support between the
is numeri d which Safety distance--An empirical distance related to the quantity of p.ane of an elemenit piior to being loaded (undeflected position)

afety dista flection| explosives which is the minimum permitted for separation of and the plane in which some specified deflection occurs.
explosiv• facilities within P. hazardous area of possible explosions, and Time--

facilities for separation of the explosive hazard from inhabited buildings, Arrival--The finite time interval required for the blast wave
for,4epar ass air passenger railroads and public highways, in order to control the to travel from the center of ani explosion to any particularforsepar t wave. magnitude of damage, loss of life and serious injuries, location.
pagssenitud nt blast Safe-ty factor-A factor used in design to account for unknown ClearinW--The finite time interval required for the blast
mafety fagtid factors which in turn may lead to an overestimate of the pro- presurem acting on art element to reduce to some specified
facto.• w onfined tecttve capabilities of ant vlement. intensity.

tective ca nto the Scabbing-The dynamic disengagement of the concrete surface of Responme-The finite time interval required for the maximum
3cabbing- an element, resulting from a ten.ion failure in the concrete deflection of an element to oceur.

an elen,.o teously normal to its free surface, caused by large strains in the flexural Rise-The finite time interval required for the blast pressures
normal o cling in reinforcement. See Direct Spalling. acting on ant element to increase from zero to a maximum
reinforce Separation distance-A minimumn distntce between possible value,

3eparation explosions and a facility providing protection for the receiver TNT equivalenti-A measure of the energy released in the ex-•xpC5tiof )tective iyatem; the magnitude of which will depend upon the degree plosion of a given quantity of material, expressed :t terms
eor high of protecrtion required. of the weight of TrNT which wotld release the same amount

ystem; t, hort in Shear reinforcement.--Se Lacingantd/orStirrups of energy when exploded.

of rotect re. The Sheltep--A structure which encloses or nearly encloses the receiver Total colnapse--The condition of a structural element in which3hearreinfo he blast system and is used to provide full protection for personnel and it completely loses its ability to resist the applied blasL loads,
sheserm--A. other items. that is, the element has oxceeded the incipient failure condition.
other ite those Shock front--The fairly sharp boundary between the presenre Triple poinet--The intersectitn of the incident, reflected, and
otek fro t esigned disturbance created by an explosion (in air, water, or earth) Mach shock fronts accompanying an air burst. The height of

fisturbo ressure and the ambient atmosphere, water, or earth, respectively. It triple point aboi'e the ground surfacep, that is, the height of the

and the e in the constitutes the front of the shock (or blast) wave. Mach stem, increases with increasing distance from a given
consuit• ruci tire Shock wave-A continuously propagated pressure pulse (or explosion. See Mach Stemn.So Lk tu t load. wave) in the surrounding medium which may be air, water, or Velocity --

wave) iwl tective earth, initiated by the) expansion of tae hot gases produced by Boundary (or minimum)---The velocity of a primary trag-

,arth, i
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ment with it given weight which will result in propagation time interval after an explosion at which time the shock wave
of explosion to the acceptor charge with a given casing hits propagated a specific distance fromt the center of the

thickness, explomion depending upon the explos;ive qutantity involved, A
Dilaiatinal-- The velocity tit which the longitudinal (or wave length exists ;or both the positive and negative phases ofcompression) wave tratvels through a given material, the shock wave.
Huailua/- -ThP velocity of a primary fragmetnt after it Yield line-A series of tension cracks formed by the initiation

perforates an element, of yielding in the tensile steel along a line of maximum moment.
Shock front--The velocity of the shock front in a medium Positive yield linies are formed at the interior of slabs where

at a partkii'lar time after an explosion. For a shock front positive moments are developed while negative yield lines
in air, the velocity of the wave is referred to as the blast occur at the suipports where negative moments are developed.
wave velocity. See Pla~stic Hinge.

.Siriking--The velocity at wl~i'-h a primary fragment strikes Yield Strecs-The stress produced in a structural element at
an elemnt. which yielding of the material occur's.

Wav'e length--The length (of the shoek wave measured at at finite
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Ground a
Air-i
Dire

Gurney e
constai

High Exi

INDEX Impulse,
JImpulseI
Impulse I
Inhabit..

Pwarsmph paw .SrA o Distan

ALargrato------- ------ arge 5-17, 6-9a(4) 5-20,6--10 Interior (

Acceptor explosive --- 3-9 3-4 Limited ---- ---S-16, &-2d(1) (b), 6-%9e() In19,r-1r 4Od
Admixture ------- 7-5c 7-2 6-10 Itro

AmbieMaximumr -------3-------0 3-11 3-7 Presui
Amincho essrae, laced45b -1c 4-,- Partial Failure ------- 5-12, 6-9o(4), 7-fi. 5--13,6-10, Intraline

6lements ------------- 69Isalation

Angle of incidence ---- 4-.6d, 4-6 Ulimt-31 51
Angle of obliquity ---- 8-1, 8-2 8-2 Degree ofFreedom ---- 6-5I 8-4 Kinetic e

Degree of Protection ... 1-2., 6-2c 1-1,6--3
Barricade ....... 2-4c 2-1 Denai:

Detontion:Lacing B
Barrier---------------_-2-4c, 3-4, 6-2d(3) 2-1,3-2, HihOer2. 2-

Bls or------ 07 1-8 Low-Order ----- 2-2c 2-1 Lightwei
Blast door ------- -b 10-7c 210 -8 Simultaneous ---- l0-2d 10-1 Line loac

Blast Ma _------ 7-45,10-7 2-130 Dalay Path_ l _---0-8i 10-14 Laod F&.
Bls a 75()Diagonal Bats ---------- 5-36(3), 5-36(4), 9-ft(5) 5-2,9-4 Load-Mu

Blast Pressures --... See Pressure Diagonal Tension ---- 5-3a 5-2 Loop Ba
Blast Shield ------- 10-8 10-10 Direct Shear -------- 5-2 Lung 1).
Blast Valve ---- -- 10-8 10-10 DietSeln3-d()7- 37,1
Blast Wave ------- 4-5a 4-2 Donrec Spoilin 2---- -1 d2, 2-3 3-,-1Mahr3! Bond Stress, Flexural &DooSytm------2122 21Mahf

anchorage ------- 5-4 59 Donor Explosive. --- 3-1 3-1 Mass Fa
Bottom-up Period ------ 60 10-8 Door Openings ----- 5-10d(3) 5_8 Mode of
Brittle Mode ------ 3-10, 3-1lid 3-5 Drag Coefficient --------- 4-14b(1), 4-14c(4) 4-61,4-462 Modular
Bundled Bars------ 9-3c 9-1 Drag Pressure -- --- 4-14b(1) 4-61 Modulus
Burst: Ductile Mode ------------ 3-10, 3-l1b, 3-11c 3-5,3-6 Con

Ai------------4()() 47 4- 3 Ductility Factor ..... 6-2j, 6-7b, 6-8b 6-3,6-7, Se
Free-air------------ _ 4--4a(l) (a), 4-6 4-1,4-3 M- ~oment
Surface -------------- 4-4a(1) (c), 4-8 4-1,4-7 Duration-------------- 4-56, 4-100z10), 4-13d, 4-2,4-9, static-

4-13c, 4-140(2) 4-W, 4-W, Moment
Capecity Reduction 4-61 Ave

a~ctor------------------ 5-1g, 5-3as(2) 5--1, 5-2 Dynamic increaseCa
Charge efection factor -_ ----- 5-5c - Grc.

Factor -------- 4-8b 4-7 Dynamic similarity .... 6-4c 6-4 Monolitl
Charge Weight: Eardrumn rupture ---- 3-7a(2) 3-2 Multi-Cl

Actual i------ -5b 1l1 Effectivaness mass---- 6-4 -
Effective------------ 1-5b, 4-3b, 4-30(1) 1-1,4-1 Elastic Rebound ---- 6-8c(4) (a) 6-10
Equivalent ----- 4-3c(2) 4-1 Eqivlnt dynamic Natural

Composite construction-. 1-12, 6-13, 7--W, 8-7, 6-21,6-40, system -------- -b 64vibrati
8-8,9-7 7-2,8-3, E~xcess shear strew--- 5-U%'5) (a) 5-2

9-8 Excess Impuls------ 7-7a 7-4 Optimucn
Conservation of eneygy- 6-3c 6-3 Expansion Joint ----- 9-9k 9-li ratio-
Construction Joint ---- 9-2d, 9-W., "-O 9-1,9-11 Explosion,
Corner effect.----- 5-l0(s() 5-7' Fully vented ---- 4-10 4-9
Cost effectiveness ---- 10-4, 10-5 10-4,10-5 P&0a&ly cofie - - 4-9 Partial I
Crons sections, Partially vented - -- 4-11 4-69 Pervom~n

Reinforced concrete.. 5-la 5-1 Multiple-------- ---- 4-17, 4-18, 4-19 4-65 Plane W
Type I ------- 5 1b 5-1 Unconfined ----- 4-4*(1) 4-1 Plane H!
Type IL------- 5-1c, 5.-U 5-1 Expwoiv Materials- 4-a6 4-1 lur
Type III ----- 5-I. 5 Exterior or Leakage

De~agration ------- 4-36(3) 4-1
Deflection: Pressure Load ----- 4-4.2)(a), 4-10b. 4-1,4-50 0001

Elastitc------- 5-14. 5-16 Flexural Rigidity ---- 5-14a 5-16 PostFai
Elasto-Plastic ---- 5-14 5-14 Fragility Level ..... 3-16(2) 'ý 4 Ptn
Equivalent Maximum Fragment Shield ----- 7-60 7-2

Elastic -------- 5-19 Frangible Elements ---- -4., 4-9b, 4-Ge 2-1,4-9
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Ground shock: Pouring sequence, forcon-
Air-induced -------- 10-96(2) 10-i.5 creze ------ -9-9 9-_
Direct-transmitted. 10-96(3) 10-15 Pressure:

Gurney energy Dynamic ----------- 4-13b 4-W

constant •------------.4-21o 4-66 Incident ---------- 4-5a 4-2

Haunch ---------------- 9-5 9-5 Maximal effective. -. 3-7a(3) 3-2
High Explosive ---------- 4-3b 4-1 Ma:imum mean .... 4-11a(2), 4-11a(3), 4-19,4-65
Igloo ------------------ 2-44c, 4-10b(7) 2-1,4-59 4-18b
Impulse, Average ------- 4-10a 4-9 Reflected ---------- 4-5c 4-2
Impulse Capacity ------- 6-14a, 7-8 6-40, 7-6 Pressure Design Rtange... 3-2a, 6-2o 3-j,6-3
Impulse Coefficient ------ 6-9c(1), 6-9c(2) 6-11,6-13 High -------------- 3-2b 3-1
Inhabited Building Intermediate ------- 3-2c 3-I

Distance ------------- 10-3b(4) 10-3 Low --------------- 3-2d 3-1
Interior or High Pressure Primary Fragments:

Load ---------------- 4-4a(2) (b) 4-1 Largest ------------ 4-22c 4-66
Interior or shock front Number ----------- 4-22b 4-66

Pressure ------------- 4-9a 4-9 Propagation of explosion. 1-2b 1-1
Intraline distance ------- 10-3b(1) 10-2 Protective Structure----- 2-1, 2-4 2-1
Isolation system -------- 10-10 10-16 Protection Category ----- 3-4, 6-2d 3-2,6-1

Quantity-distance relation-
Kinetic energy ---------- 6-3f, 6-4a 6-4,6-4 ship ----------------- 10-2m 10-2

Lacing Reinforcement. -- 3-11b, 5-3a(4), 9-4 3-5,5-2 Rate of Strain ---------- 5-_5 Z-3

1 9-1 Rattle Space---------- 10-lOg 10-16

Lightweight Concrete --- 5.1h 5-1 Receiver System -------- 2-1, 2-3 2-1

I Line loads -------------- 5-10d(3) .5-8 Resistance 5-9a 5-6

4 Lad Factor ------------ 6-6d 6-4 .lastic ------------ 5-13a 5-14

6 Load-Mass Factor ------- 6-4c, &-6-, 6-6j, 6-6k 6-4,6-5 Elasto-plastic --- -5-13 5-14

2 Loop Bars -------------- 9-6c 9-8 Post-ultimate -- l1 -- 12

2 Lung Damage ---------- 3-7a(2) 3-2 Rebound ----------- 6-8c(4) 6-6
Ultimate ----------- 5-10 5-6

-I Mach Front 4-7a,4-7b 434-5 Resistance Factor ------- 6-6e 6-5

-I Mass Factor ------------ 6-6f 6-5 Safety Factor 1-5b 1-1
SMode of Vibration ---- 6-6h 6-5 Scabbing ---------------- 3-1 Id(2), 7-4 3-7,7-2

62 Modular Ratio --------- 5-7c 5-7 Separation distance ------ 4-10a(12), 4-I0a(13) 4-12
61 Modulus of Elasticity: 10-14 10-19
-6 Concrete ----------- 5-7a 5-5 Shear stress, ultimate_-. 5-18, 5-19, 5-20, 6-12 5-20, 5-21,
7, Steel .... 5-7b 5-5 6-21
_7 Moment capacity, ultimate Shear Key- 9-Sb 9-10
-9, etatic ---------------- 5-2 5-1 Shelter ----------------- 2-4b, 3-5, 6-2d(2) 2-1,3-2,
30, Moment of Inertia: 6-1
61 Average ----------- 5-8b 5-5 Shock Front ------------ 4-3a, 4-5a 4-1,4-2

Cracked ----------- 5-8b 5-5 Single-degree-of-freedom
-3 Gross_ - - 5-8b 5-5 system --------------- 6-5d 6-4
i-4 Monolithic ------------- 9-7a 9-8 Slump, of Concrete ----- 9-2r 9-1
;-2 Multi-Cubicle Structure.. 9-8 9-10 Spalling ---------------- 3-lid(l) 3-7
ý-4 Splices, of Reinfocement:
10 Natural period of 6-8c(2) 6-7 Flexural ----------- 9-3d, 9-3e 9-1

Lacing ------------- 9-4f, 9-495
'4 vibration Stiffness ...............

5-2 Elastic ------------- 5-14 5-14
7-4 Optimum reinforcement Elasto-plastic ------ 5-14
-11 ratio ---------------- 6-9c(3), 7-8j, 10-5m, 6-13,7-7, Equivalent elastic.-_ 5-16, 6-8c(2) (c) 5-19,6-7

10-5n 10-7,10-8 Stirrups ...... 5-3a(4) 5-2
4-9 Strain Energy ---------- 6-3f, 6-4a 6-4
4-9 Partial Failure ction----- 5-92 ,5-6 Structural Motions ------ 3-7b, 3-8b 3-3,3-4
-59 Personnel Protection ----- 6-2d(1) 6-1 Support Rotation ------- 5-6d 5.-4_W)5 Pl'me Wave ------------ 4-12b 4-60 :!

4-1 Plane Hinge 5--b .5-6 Time:
4-1 Plenum Chamber ------- 10-Sb, 10-8e, l0-8j 10-11, Arrival ------------- -4-Sb, 4-10a(1O) 4-2,4-9

10-13, Clearing ----------- 4-146(1) 4-41
10-14 Closure 10-8e 10-13 A

1-59 Poisson's ratio ------- 5-14c 5-16 Response --------- 3-2b, 6-&(1), 6-9b, 7-8f 3-1,6-0, -
-16 Post-Failure Fragments. 3-11d(1), 7-6 3-7 6-10, 7-6
3-4 Potential Energy -------- 6-3c 6-3 Rise --------------- 4-13e 4-60 '%
7-2
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Paragraph Page Paragraph PageTNT Equivalent.---- 1-Sb, 4-3c 1-1,4-1 Initial ----------------- 4-20b, 4-21a 4-66,4-06Tramway ------------------ 10-2c, 10-3a 10-1, 10-2 Instantaneous ---- 6-9a(2) 6-10Tremies --------- 9-9d 9-11 Residual ------ -4c, 8-8b 8-1,8-3Triple Point ------- 4-7c, 9-7d 4-5,9-8 Shock Front ----- 4-5a 4-2
Velocity: Striking ------- 4-20c, 4-24a 4-66,4-67Boundary or Mini- 3-9d(2), 3-9d(4) 35 Wave Length ------ 4-5e, 4-14c(l) 4-2,4-62mum -------

Yield Line LocationDilatational ---- 8-4d 8-2 Ratio--------------------- 5-10c(13) 5-7
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